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ADVERTISEMENT. 


This  work,  commenced  in  1839,  and  continued  at  intervals 
which  have  probably  exhausted  the  patience  of  many  of  the 
Subscribers,  is  at  length  completed, — the  object  at  first  con- 
templated having  been  attained  by  a  concentration  of  talent 
on  this  important  branch  of  science,  and  by  the  production, 
it  is  hoped,  of  a  work  on  the  Art  of  Bridge  Building 
which  will  supply  the  vacant  space  in  the  library  of  the 
Practical  Engineer. 

Since  the  time  of  Hutton,  Attwood,  &c.,  the  Theory  of  the 
Arch  has  been  deeply  investigated  in  this  and  other  countries ; 
and  as  the  principles  of  Coulomb  and  others  have  caused  such 
investigations  to  progress  extensively,  the  production  of  a  work 
on  this  important  subject,  combining  numerous  Theoretical  and 
Practical  Examples  down  to  the  present  period  of  improvement 
in  the  art  of  construction,  necessarily  required  no  inconsider- 
able portion  of  time,  labour,  and  expense. 

The  Practical  Treatise  on  Bridge  Building  will,  it  is 
anticipated,  together  with  the  Specifications  and  the  Paper  on 
Foundations,  supply  all  that  is  desirable  for  the  Student  in 
the  pursuit  of  his  knowledge  of  the  Art ;  while  the  great  variety 
of  engraved  specimens  by  which  the  work  is  illustrated,  and  the 
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ADVERTISEMENT. 


numerous   exemplifications    of  comparative  constructio 
gether  with  the  lucid  and  practical  description  of  them 
is  appended^  will  prove  interesting  to  the  Engineering  ] 
— and  thus  compensate  for  the  unavoidable  delay  whi< 
occurred. 

The  Analytical  List  of  Contents  will  guide  the  reader 
several  divisions  of  the  work;  and  the  General  Index 
I  have  supplied  will  be  found  useful  for  all  the  obje 
reference. 


JOHN  WEA 


59,  High  Holborn, 
Feb.  14,  1843. 
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THEORY    OF    BRIDGES. 


This  very  important  subject  has  exercised  the  talents 
and  ingenuity  of  some  of  the  greatest  mathematicians  in 
modem  times,  and  many  different  solutions  have  been 
given  to  the  various  problems  connected  with  it ;  but,  as 
the  greater  part  of  them  are  founded  on  suppositions 
that  have  no  existence  whatever  either  in  nature  or 
practice,  they  have  had  a  tendency  rather  to  mislead 
than  direct  those  who  are  engaged  in  the  operations  of 
Bridge  Building. 

Since  the  time  when  Lord  Bacon  overthrew  the  ab- 
surdities of  Aristotle,   and  showed   to  the  world  that 
experience  was  the  only  true  guide  to  philosophy,   it 
might   have  been  expected   that  theory  and    practice 
would  have  gone  hand  in  hand, — ^but  this  unfortunately 
has  not  been  the  case ;  for  we  find  that  their  respective 
advocates  have  been  continually  cavilling  with  each  other. 
It  is  to  be  regretted,  deeply  regretted,  that  theoretical 
and  practical  men  should  have  always  been   thus  op- 
posed, and  have  looked  upon  each  other's  efforts  rather 
with  contempt  than  admiration,  though  they  seem  evi- 
dently to  have  been  designed  for  each  other's  mutual  aid ; 
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2  THEORY    OF 

and  nothing  but  a  deep-rooted  prcjud 
continued  a  Bj-stem  of  D]>position  so  de; 
best  interests  of  society.  Our  illustrioi 
Dr.  Olinthus  Grcgor)-,  in  the  preface  t 
work  on  Mechanics,  states  with  his  usua 
"theoretical  and  practical  men  will  most 
mote  their  mutual  interests,  not  by  atfcc 
each  other,  hut  by  blending  their  effort 
that  an  essential  ser\ice  will  be  done 
science,  by  endeavouring  to  make  all  the 
of  li;rht  they  have  separately  thrown  ujio 
human  knowled<re  convert  to  one  point," 

lliat  a  thcorj'  may  be  properly  tv< 
facts  cannot  be  collected,  too  many  eiier 
exerted  ;  for  however  beautiful  may  be  tl 
as  abstract  science  is  concerned,  and  liowe 
may  the  consequences  flow  from  the  (i 
these  premises  arc  not  in  strict  accord; 
is  known  to  take  place  in  actual  jiracti 
must  ultimately  be  abandont'd,  and  ■i\vv 
which  is  so  founded  as  to  a<j:rc('  «itli 
exi)criencc  and  observation.  Gautlity.  s| 
theory  of  1^  Hire,  nhscrvcs  that  >ucli 
scarclu's  arc  uufnrliuintily  fouiidcd  on  li\ 
everv  day's  expcnt'iicc  ciintradiet-. 

We  shall  in  liic  lirsl  phicc  -Wr  a  liricr 
principal  writers  on  the  ci|uilil.riuni  .if 
some  notice  of  iheir  tlitoiies. 

hi  Willi,  the  cclchratnl  nialhnniillc 
Huvu'cns.  .(;unr..  luul  .lulin  IVriKUiHi.  m,1v 
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of  the  catenary  curve :  it  was  soon  preceived  that  this 
was  precisely  the  curve  that  should  be  given  to  an  arch, 
the  materials  of  which  were  infinitely  small  and  of  equal 
weight,  in  order  that  all  its  parts  may  be  in  equilibrium. 
In  the  Philosophical  Transactions  for  the  year  1697,  it 
appears  that  David  Gregory  first  noticed  this  identity, 
but  his  mode  of  argument,  though  sufficiently  rigorous, 
appears  not  to  be  so  perspicuous  as  could  be  desired. 

In  one  of  the  posthumous  works  of  James  Bernoulli, 
two  direct  solutions  of  this  problem  are  given,  founded 
on  the  different  modes  of  viewing  the  action  of  the 
voussoirs :  the  first  is  clear,  simple,  and  precise,  and 
easily  leads  to  the  equation  of  the  curve,  which  he  shows 
to  be  the  catenary  inverted ;  the  second  requires  a  Uttle 
correction,  which  Cramer,  the  editor  of  his  works,  has 
pointed  out. 

In  1695,  LaHire,^  in  his  Treatise  on  Mechanics,  laid 
down  from  the  theory  of  the  wedge,  the  proportion 
according  to  which  the  absolute  weight  of  the  materials 
of  masonry  ought  to  be  increased  from  the  key-stone 
to  the  springing  m  a  semicircular  arch.  The  historian 
of  the  Academy  of  Sciences  relates  in  the  volume  for  the 
year  1704,  that  Parent  determined  on  the  same  prin- 
ciple, but  only  by  points,  the  figure  of  the  extrados  of 
an  arch,  the  intrados  being  a  semicircle,  and  found  the 
force  or  thrust  of  a  similar  arch  against  the  piers. 

In  the  memoirs  of  the  Academy  of  Sciences  for  the 
year  1712,  La  Hire  gave  an  investigation  of  the  thrusts 

^  Mr.  Attwood  has  written  a  dissertation  on  the  construction  of 
arches  on  the  same  principles  as  La  Hire. 
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in  arches  under  a  point  of  view  suggest* 
experiments :  he  supposed  that  the  arc 
of  which  had  not  soUdity  enough  to  res 
split  towards  the  haunches  at  an  elevatio 
degrees  above  the  springings  or  impost ;  li 
regarded  the  upper  part  of  the  arch  as  a  w 
to  separate  or  overturn  the  abutments,  ai 
on  the  theory  of  the  wedge  and  tlie  lever, 
which  they  ought  to  have  to  resist  this  sin 
Couplet,  in  a  memoir  composed  of  two 
of  which  was  printed  in  the  volume  of 
for  1729,  treats  of  the  thrusts  of  arches 
ness  of  the  voussoirs,  by  considering 
infinitely  small,  and  capable  of  sliding  o 
without  any  pressure  or  friction.  But, 
thesis  is  not  exactly  conformahle  to  e; 
second  part  of  the  memoir,  i)rinted  in  i 
1730,  resumes  the  question  by  supposing 
rials  have  not  the  power  of  sliding  over  i 
that  they  can  raise  themselves  and  sejia 
rotatorv  motions.  It  cannot  however 
Couplet  has  added  materially  to  the  thcoi 
and  Parent,  and  none  of  them  treated  tin 
in  theorv  or  practice  in  such  a  ^ati-lhct 
was  afterwards  done  by  Coulomb. 

In    a   subsequent    volume    tbere    is 
Bouguer  on  the  cur^e   lines  tluit  arc   iii 
the  formation    of  the  aiclus  of  domes 
that   there    may  be   an   infinite  mmiher 
employed  for   this  iiurposr.  and  ])ninu 
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of  selecting  them.  He  lays  it  down  uniformly  that 
the  Youssoirs  have  their  surfaces  infinitely  smooth, 
and  establishes,  on  this  hypothesis,  the  conditions  of 
equilibrium  in  each  horizontal  course  of  the  dome,  but 
has  not  given  any  method  of  investigating  the  thrusts 
of  arches  of  this  kind,  nor  of  the  forces  that  act  upon 
the  mason-work  when  the  generating  curve  is  subjected 
to  given  conditions. 

In  1770,  Bossut  gave  investigations  of  arches  of  the 
different  kinds,  in  two  memoirs,  which  were  printed 
among  those  of  the  Academy  of  Sciences  for  the  years 
1 774  and  1 776  :  he  appears  to  have  been  engaged  in  this 
in  consequence  of  some  disputes  concerning  the  dome  of 
the  church  of  St.  Genevieve  (recently  the  French  Pan- 
theon), begun  by  the  celebrated  architect  Soufflot,  and 
finished  from  his  designs. 

In  1772,  Dr.  Hutton,  late  Professor  of  Mathematics 
in  the  Royal  Military  Academy,  Woolwich,  published 
his  principles  of  Bridges,  in  which  he  investigated  the 
form  of  curves  for  the  intrados  of  an  arch,  the  extrados 
being  given,  and  vice  versa.  He  set  out  by  developing 
the  properties  of  the  equiUbrated  polygon,  which  is  ^ 
extremely  useful  in  the  equilibrium  of  structures. 


ON  THE  EQUILIBRATED  POLYGON. 

Any  number  n  of  bars  or  beams  AB,  BC,  CD,  &c., 
of  given  weights  o>i,  ay^y  o>s,  &c cd^,  and  sup- 
porting given  weights  W^,  Wg,  W3,  &c.,  at  the  re- 
spective points  B,  C,  D,  &c.,  are  freely  moveable  about 
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each  other  in  the  same  vertical  plane  A  I 
means  of  joints  at  those  points,  and  are 
the  extremities  of  the  first  and  last,  anc 
gravity.  It  is  required  to  investitrate  e: 
determining  their  respective  positions,  w!i 
of  equilibrium. 

Considering  the  two  bars  AB  and  BC  at 
extremities  A  and  C,  their  positions  arc 
they  can  form  but  <:^ 

onetriangleABC  »,--    • 

upon  the  constant  ,..■'"'  /.-f 

side    A  C.      But  V'- ^^ 

supposing  the  three  bars  A  B,  BC,  and 
ported  at  A  and  D,  their  positions  bet 
niinate,  that  is,  they  are  moveable  about 
and  an  equation  is  ncccsi^arv  to  find  th 
])ositions  when  in  a  state  of  cciiiilihriun 
in  the  first  place,  take  tlie  tlirce  bars  A 
CD. 

Produce  CB,  CD.  &c,,  to  mcvt  X\w  li 
XAY  at  B',  C',  &(■..  fir-.iw  I5K  i.erpend 
line,  and  let  B  A  V,  tbe  clevalioii  of  A  B  u 
=  f?i,  BB'Y;  that  of  IK 
of  CD  =  ^3,  Jcc. 

Supiiose  the  wciglit  \\\  I 
and  let  tlic  vertical  [hv>-u 
direction  BK,  and  upon    I! 


cc-  V. 


\k-  tixal  tn  til 


lateral  force  atlinir  :a  B  u 
u[ion  BC  iu  diivition  A  f 
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Then  the  forces  p  and  /  united  with  gravity  having  no 
effect  to  turn  AB  about  A,  we  have  the  equation 

(^  +  Wi)co8.  01+pcos.  ^1— /sin.  ^i=0, 

...|l+Wi+|>-/tan.  ^1=0. 

And  since  the  tendency  of  the  same  forces  at  B,  com- 
bined with  gravity,  to  turn  BC  about  the  joint  C,  is 
destroyed  in  the  position  of  equilibrium,  we  have  also 

^  COS.  O^^P  cos.  ^2+/ sin.  ^^=0, 


(k> 


J--p+fUm.0^=O. 


To  this  equation  add  the  former,  and  we  have 
^^i|^' +Wi-/ (tan.  <?i-tan.  ^a)  =  0, 

tan.  ^1— tan.  0^ 

Now  since  the  centre  of  gravity  of  BC  is  at  rest,  the 
lateral  forces  at  B  and  C  in  opposite  directions  must  be 
equal 

tan.  ^1 —tan. ^3  tan.  ^a— tan.  ^3 


tan.  ^^,— tan.  0^ 


(F) 


consequently 

t^.0,-tzn.0,=  l(p±^+W,)    .     .     .     (1) 

tan.^,-tan.d3=i(?^:^+Wa)    ...     (2) 
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tan.^3-tan.^4=j(?^l±^+W3)    ...     (3) 
&c.  &c.  &c.  &c. 

and  tan.  ^^,-tan.  ^.=  J (^2=ii^ 

By  means  of  these  n  —  i  equations  involving  n  +  i 
unknown  quantities,  viz.,  tan.  tf^,  tan.  0^  .  .  .  tan.  0^ 
and  /,  the  positions  of  any  number  of  bars  may  be 
obtained  so  as  to  render  them  in  a  state  of  equili- 
brium, having  previously  given  two  more  data,  viz.,  the 
positions  of  any  two  of  them :  thus  suppose  0p  and  0^  the 
elevations  of  the  p^  and  q^  bars  to  be  given,  then  if 
we  begin  at  equation  (p) ,  and  add  all  the  equations  up  to 
the  (?— l)*^  we  have 

tan.  ^^-tan.  0,=^  ^{a>p+a>,^^  .  .  .  a,,)-  ^^spL^ 

+  (W,+W,+  i...+W,_,)}, 

tan.  ^p— tan.  0^ 

If  in  equation  (F)  we  suppose  the  weights  of  the  bars 
=0,  we  have 

tan.  ^1— tan.  0^       tan.  ^g— tan.  0^' 

.-.  Wi  :  Wj  :  :  tan.  ^i— tan.  0^  :  tan.  ^g— tan.  ^3. 

Hence  the  weights  W^,  Wg,  &c.,  are  as  the  difference 
of  the  tangents  of  the  angles  which  the  bars  make 
with  the  horizon,  the  same  as   the  proportion   of  the 

*  For  the  equilibrium  of  any  number  of  bars  without  weights,  an 
investigation  similar  to  the  above  has  been  given  by  that  able  mathe- 
matician, Mr.  Woolhouse,  in  the  Newcastle  Magazine. 
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weights  on  the  funicular  polygon.  See  Dr.  Gregory's 
Mechanics,  page  134  ;  Whewell's  Mechanics,  page  34. 

IfW,,Wa,&c.=0;then     ^(;^>+^>)     =     ^M^s) 

tan.tfi— tan.^,      tan.^,— tan.^. 

When  the  weights  of  the  hars  are  also  equal,  we  have 
tan.^i— tan.^3=tan.^a~t^^-^8>&c...=tan.^^,— tan.^^. 

Since  the  weights  on  the  several  joints  are  as  the  dif- 
ference of  the  tangents  of  the  angles  of  elevation,  when 
these  hars  are  indefinitely  diminished,  or  the  polygon 
becomes  the  curve  of  equiUbration,  we  have  ultimately 
the  weight  on  any  point  proportional  to  the  tangent  of 
inclination  to  the  horizon.* 


^  Or  this  may  be  shown  from  the  principles  of  Coulomb,  Mem. 
Pres.  &c.,  tom.  vii. :  he  there  shows  that  if  an  arch  rest  in  equilibrium 
on  a  base  mn,  it  is  necessary  that  the  resultant  of  the  two  acting 
forces,  viz.,  the  horizontal  force  acting  at  AB,  and  the  weight  of  the 
part  A  mn  B  acting  vertically,  shall  be  perpendicular  to  mn,  and  that 
it  shall  not  fall  without  mn.  Should  the  first  condition  be  wanting, 
the  arch  will  3rield  by  sHding  along  mn;  and  if  the  second  be  wanting, 
it  will  have  a  rotatory  motion  about  that  extremity  towards  which  the 
resultant  falls. 

Let  W  be  the  weight  of  the 
portion  A  mn  B,  F  the  horizon- 
tal force  on  AB,  i  the  inclina- 
tion of  the  joint  mn  to  the 
vertical ;  then  if  the  weight  of 
the  part  A  mn  B  be  represented 
by  ^e  vertical  line  pr,  and  the 
force  F  by  the  horizontal  line 
pq,  which  meet  in  p,  we  have, 
since  the  resultant  ps  is  per- 
pendicular to  mn,  the  triangles  psq  and  mon  similar; 
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From  this  property  we  may  immediately  derive  one  of 
the  most  useful  cases  of  equilibration,  viz.  The  extrados 
being  a  horizontal  line,  it  is  required  to  determine  the  intra- 
dos,  on  the  supposition  that  the  equiUbrium  is  maintained 
by  vertical  pressures  on  the  voussoirs.  Let  C  be  the  origin 
of  co-ordinates,  CH=jr,  HF=y,  CE=a;  CD=«,  AD=j8, 
I  the  inclination  of  the  tangent  to  the  horizon,  and 
draw  HT'  indefinitely  near  to  HF.  Now  if  we  suppose 
the  whole  mass  to  act  perpendicularly  on  the  voussoirs, 
the  difierential  of  the   weight  of  the  column  may  be 

represented  by  HF.  HH'=ydj?,  and  since  -^  =tang.  of 

incUnation,    we   have   from   the   above  fydx=^c  -Jl 

ax 

or  ydx^=  c.  d.^  \  c  being  a  constant  quantity,  which 

CLX 

will  be  determined  afterwards : 

.  • .  y  dx^  =  c  d^y. 

Multipljdng  by  d  y,  and  inte- 
grating, we  have 

2  (y'  + const.)  rfa?*  =  ^  c  dy^ 


.' , pr  :  rs  (pq)  :  :  mo  :  on 

W  :  F  :  :  sin.  t  :  cos.  t  :  :  tan,  t  :  1, 

.•.  W=F.  tan.  t,  consequently  W  varies  as  tan.  t,  since  the 
horizontal  force  is  constant. 

Also  since  mn  is  a  normal,  and  tan.  i=— ^,  we  have 


ds 


-V  ^y 


Vi=F.  -^  or  Wdx=¥dy, 


dx 


an  equation  to  the  catenary. 


dx 

But  when  y^a^-^  vanishes, 

dx 
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or  c  (— ?  )  =  y»  +  const. 


.•.  the  correct  mtegral  is  c  (-^)  =y*^a* 

^dx^ 


dx  js/c      ^  '  ^y*  —  a* 

the  correct  integral  of  which,  Hall's  Diff.  and  Int/  Cal- 
cuius,  page  313,  is 

rr^^c  .(hyp.  log.y+^7=^') 

.•.-|-=hyp.  log-  y+  ^7^' 

vc  a 

If  e  be  the  hyperbolic  base,  we  have 

X 


a 


_  a  y —  i/y«— a 

By  addition  we  have 

X  ^    X 

e         +  e  =    ~- 

a 


a 


y=  2  V      +  ^      y 


Difterentiating, 


dy  _     g    ^     v''  ^^\ 


rfcT         2  v^c 
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which  shows   that  the  curve  is   convex   towards    the 
axis  of  X. . 

To  find  the  constant  c,  we  must  observe  that  when 
F  comes  to  A,  y=CI>=a,  and  j?=AD=j8, 


.-.  )8=  •c.  hyp.  log.  «+^«'-fl^ 


or  i/c=)8-H hyp.  log.  ^+^«'-fl' 


a 
Hence  by  substitution  we  have 


j?=)8.  hyp.  log.  ^^ — ^ 5-  hyp.  log.  '^ — 

Also,  from  the  above,  another  property  may  be  derived, 
on  which  Dr.  Hutton  bases  many  of  his  calculations. 
If  p  =  radius  of  curvature,  then  we  have 


P  = 

:    ■    -^ -^    ,  which  becomes, 

dyd^x—dxd^y 

if  we 

suppose 

X  to  be  the  independent  variable, 

dz" 

'^       dxd'^y ' 

since 

the 

curve  is  convex  to  the  axis  of  x. 

and 

cd.  -^=  y  dx 

dx     ^ 

.  d^y^y 

dx'^       c 

but  dz=  v^da:^+dy^  =  da?  v^  l+-r^  ; 

dx^ 


hence  by  substitution 


'(>+^)^ 


dx 
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but  -^  =  tan.4, 
ax 


P  = 


c  sec.'t 

y 


Consequently  the  radius  of  curvature  is  proportional  to 
sec.^*  directly,  and  HF  inversely,  or  HF  is  as  sec.'* 
directly,  and  the  radius  of  curvature  inversely,  c  being 
constant. 

At  the  vertex  E  of  any  curve  the  inclination  is  nothing ; 
therefore  sec.  *  =  i,  and  if  the  radius  of  curvature  there 
be  represented  by  p\  the  general  expression  for  the  height 

becomes   a  =  ^or  c  =  a  p\  which  is  the  general  value  of 

p 

c  for  any  curve,  in  terms  of  the  height  of  the  crown  and 
radius  of  curvature  at  that  point :  this  substituted  in  the 
general  expression,  we  have 


HF  =  -sec.3*=  ^^.sec.h. 
p  p 


K  the  arc  be  the  segment  of  a  circle,  then  - 

.*.  HF  =  asec^i. 


p  _ 


p 


This  may  be  very  simply  calculated  by  logarithms, 
log.  HF=log.  a+3  log.  sec.  *.    Or  »*, 
we  may  give  a  geometrical  construc- 
tion as  follows : 

Draw  the  vertical  line  FS  cutting 
the  horizontal  diameter  in  S,  draw 
ST  perpendicular  to  the  radius  DF, 
draw  the  horizontal  line  Tz,  cutting 
the  vertical  in  z,  join  Dz.  Make 
Fm=CE,  and  draw  ux  parallel  to 


A     S 
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zD ;  then  FH  must  be  equal  to  Fx,  and  by  similar  tri- 
angles, 

FD:FS:  :FS:FT  =  ^^* 


FS  :  FT  :  :  FT  :  Fx  = 


FD' 

FS*         FS' 


FD* .  FS  ~  FD*' 


CE:FU::Fu:Fx::Fz:FJ)::  ^:  FD  :  :  FS'  : 

FD^ 
FD'  iiBW:  DE*.* 

The  curve  CHP  runs  up  to  an  infinite  height  above 
the  spring  of  the  arch,  and  this  must  evidently  be  the 
case  with  every  curve  that  springs  at  right  angles  to  the 
horizontal  Une. 

From  the  above  it  appears,  that  a  semicircular  arch 
cannot  be  put  in  equilibrio  by  building  upon  it,  whatever 
may  be  its  span  or  thickness  at  the  crown ;  since  the 
curve  CHP  runs  up  indefinitely,  having  AB  for  its 
assymptote;  and  therefore,  according  to  the  principles 
of  equiUbration,  it  is  not  adapted  for  a  bridge  which 
requires  an  outline  nearly  horizontal,  except  for  about 
30  or  40  degrees  on  each  side  of  the  vertex  C. 

From  the  general   expression  HF  =  -sec.^i,  and  the 

equation  of  the  curve,  we  may  find  either  the  extrados  or 
intrados,  whichever  may  be  the  given  curve. 

The  celebrated   experimental  philosopher  Coulomb, 

*  Dr.  Gregory's  "  Mechanics/'  art.  Arches. 
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to  whom  practical  science  is  so  deeply  indebted,  seems 
to  have  been  the  first  who  treated  this  important  subject 
in  a  manner  conformable  to  experiment  and  observation  : 
he  considers  the  equilibrium  of  arches  successively  on 
the  hypothesis  of  joints  perfectly  polished,  and  on  that 
where  the  friction  of  mortars  or  cements  is  taken  into 
consideration.  In  the  first  place,  he  takes  the  part 
AB  nm  of  the  half  arch  ABCD 
as  a  body  supported  on  an  inclined 
plane,  and  gives,  having  respect  to 
the  effects  of  friction  and  cohesion, 
the  limits  between  which  the  force 
F  acting  horizontally  at  some  point  in  the  joint  AB  must 
fall,  so  that  the  arch  may  be  prevented  from  sUding 
along  the  joint  m  n,  either  downwards  in  direction  m  n, 
or  upwards  in  direction  nm^  or  by  rotation  inwards 
round  the  point  n  of  the  joint  m  n,  or  outwards  round 
the  point  m.  The  general  expression  for  F  being  deter- 
mined, he  finds  the  maximum  value  of  it,  which  will 
prevent  the  arch  from  sliding  in  direction  m  n,  and  the 
minimum  value,  which  will  cause  it  to  sUde  in  the  oppo- 
site direction  nm:  he  then  observes  that  the  Umit  of  F, 
or  the  force  which  will  be  just  sufficient  to  preserve  the 
equilibrium,  must  be  greater  than  the  maximum  and 
less  than  the  minimum  values  so  obtained. 

He  then  considers  what  the  conditions  of  equilibrium 
must  be,  so  that  rotation  cannot  take  place  either  round 
m  or  n,  and  finds  in  a  similar  way  the  maximum  value 
of  F,  which  will  prevent  rotation  round  the  point  n,  and 
the  minimum  value  that  will  cause  it  to  move  roimd  m. 
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and  shows  that  to  maintain  the  equilibrium  the  force 
must  be  greater  than  the  maximum  and  less  than  the 
minimum. 

From  this  we  have  two  superior  and  two  inferior 
limits  obtained  for  the  force  F,  between  which  it  must 
be  found,  so  that  the  arch  cannot  sUde  either  in  the 
direction  mn  or  nm^  nor  yet  revolve  roimd  either  of 
the  points  m  or  n.  Gauthey,  speaking  of  the  analysis  of 
Coulomb,  observes  that  it  leaves  nothing  wanting  to 
make  it  coincide  with  that  to  which  we  are  conducted 
by  the  latest  experiments  on  the  strength  of  arches. 

That  distinguished  individual,  the  Rev.  H.  Moseley, 
Professor  of  Natural  Philosophy  in  King's  College,  Lon- 
don, has,  in  two  excellent  papers  in  the  Transactions  of 
the  Cambridge  Philosophical  Society,  developed  with 
great  ability  a  theory  for  the  equilibrium  of  the  arch,  on 
principles  somewhat  different  from  those  of  Coulomb, 
and  has  deduced  expressions  which  accord,  not  only  with 
a  great  many  experiments  made  by  himself,  but  also  with 
those  of  Gauthey  and  Professor  Robison.  As  this 
learned  gentleman  has  kindly  consented  to  give  us  some 
account  of  this  theory,  which  appears  to  include  that 
of  Coulomb,  we  shall,  for  the  present,  defer  entering 
into  his  views  on  this  subject,  considering  that  he  will 
be  better  able  to  explain  them  himself;  but  we  may 
observe,  that  it  is  our  intention,  in  this  work,  to  enter 
fully  into  the  merits  of  both,  and  give  as  clear  an  ex- 
position of  each  as  we  possibly  can.  Professor  Mose- 
ley's  Paper  will  be  found  in  a  future  portion  of  this 
work. 
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We  have,  in  the  preceding  pages,  given  a  general 
outline  of  the  celebrated  theory  of  equiUbration,  which 
has  long  been  considered  by  many  eminent  writers  as 
one  of  the  most  deUcate  researches  in  applied  mathe- 
matics, and  indeed  it  seems  to  be  almost  too  dehcate 
for  practical  purposes,  being  based  on  suppositions 
which  cannot  hold  good  in  practice  ;  neither  is  the 
equiUbrium  suflSciently  stable  except  under  certain  cir- 
cumstances; and  to  ensure  the  stability  of  this  equili- 
brium some  writers  have  shown  that  the  vertical  line 
through  the  centre  of  gravity  of  the  part  mnNM  should 
fall  within  the  parallelogram  abcd^  formed  by  perpen- 
diculars drawn  at  the  extremities  of  the  lines  MN,  mn, 
for  otherwise  the  resultant  of  the  two  /    ,  / 

forces,  viz.,   the  weight  of  the   part y        j^ — ,>* 


-<M 


mnNM,  and  the  horizontal  thrust,  ^ 
would  fall  without  nm  where  the  arch  ^ 
rests,  and  from  no  point  of  that 
vertical  could  there  be  drawn  two  perpendiculars,  the 
one  to  mn  and  the  other  to  MN,  so  as  to  fall  within 
both ;  consequently  the  part  mnNM  could  not  be  sus- 
tained by  those  two  joints  or  supports. 

At  the  extreme  point  c,  if  the  vertical  line  ce  should 
pass  through  the  centre  of  gravity,  it  is  evident  that 
from  no  other  point  in  this  Une  except  c  could  there 
be  drawn  two  perpendiculars,  one  to  mn,  and  the  other 
to  MN  ;  for  if  from  any  point  c  below  c,  cin  be  drawn, 
the  point  m  will  fall  on  wm  produced,  and  if  from  any 
point  €  in  this  line  above  c,  ef  be  drawn,  it  will  fall  in 
MN  produced;  c  is  therefore   the   utmost    limit  from 
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which  the  vertical  line  passing  through  the  centre  of 
gravity  can  be  drawn  for  the  equilibrium  to  have  place, 
and  it  is  clear  that  this  is  but  a  very  unstable  equili- 
brium, for  the  slightest  force  would  derange  it  by 
throwing  the  vertical  line  beyond  the  required  Umits. 

We  shall  now  give  a  few  examples  to  show  how  the 
extrados  may  be  determined  when  the  intrados  is  the 
given  curve. 

The  intrados  being  a  Parabola^  required  the  extrados. 
Let  E  be  the  origin,  EG=a:,  FG=y,  then 

p=  ^^ — '   ^^    and  p  =i  m  and  sec.  i=  :^^p^ 

p  and  p'  being  the  radii  of  curvature 
at  F  and  E  as  before,  and  since 
y*  z=:mXy  and    G  T  =  2  jr,    we    have 

—±- — );  and  by  page  13, 

— "  ^  ^^ — ^.  =  a. 


HF=  — ^  sec.'4=a 

P  (m+4a?)* 


3 


Hence  it  follows  that  the  extrados  is  also  a  parabola 
equal  to  the  intrados,  and  every  where  vertically  equi- 
distant from  it. 


To  find  the  thickness  over  any  point  of  an  Elliptic 

arch. 

Retaining  the  same  notation  for  x,  y,  and  a,  let  the 
semi-axis  major  =  6,  the  semi-axis  minor  =  c,  and 
FO=A. 


BRIDGES. 


19 


DE*  :  AD'  :  :  DG  :  OG 

C*  :  b^  :  :  c^x  :  -—  (c— x)  =  OG 


FO          he"  4h' 

sec.  i=— — -= 1  p= — ,    ^ 

GO       b\c-xy^       m^      ^ 


m  being  the  parameter  to  DE=: 


W 


p=  -—  also  p  =  — 


HF  = 


— i-  sec. I  = 


61.3 


c'A 


ac 


ah*       b^     ^  

c'h'   '    c    '  b^c-xY"  {c-xy 


For  the  Cycloid. 

Let  2  r  be  the  diameter  of  the  generating  circle,  then 
in  this  curve  the  following 
properties  obtain,  viz.,  the 
tangent  FT  is  parallel  to  the 
corresponding  chord  EI,  or 
the  angle  TFG=the  angle 
EIG,  also  the  radius  of  cur-  -* 
vature  at  F  is  parallel  to 
the  supplemental  chord  ID,  and  equal  to  twice  that 
chord,  or  /}=2ID, 


EI=  \^2rx,  GI=  x/2rx-x\  DI=  i/4r^-2r.r, 
and  therefore 


p=2  \^4r'-^2rx,  and  p=2DE=4r 
also  sec.  t=  -^  =  V( — - — — ,)=  v/(- ) 
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&ry' 


111  by  reduction  becomes 


i2r~xr 


may  bere  be  observed  that  in  both  the  ellipse  and 
[cycloid,  the  extrados  is  analogous  to  that  of  the 
fe,  but  somewhat  flatter,  and  by  computing  values 
f  H  tlie  extrados  is  easily  constructed  by  points. 
|e  have  tliroughout  the  whole  of  these  articles  con- 
led  the  curve  of  equilibration  to  coincide   exactly 
the  intrados,  but  this  does  not  appear  to  be  the 
I  advantageous  position  for  it  to  have.     Dr.  Tliomas 
in  one  of  the  ablest  written  articles  which  has 
lared  on  this  subject  (see  Napier's  edition   of  the 
■clopaidia   Britannica) ,    observes    that    "  when   the 
of  equilibrium  touches  the  intrados   of  an   arch 
hy  kind,  the  compression  at  the  surface  must  he 
last  four  times  as   great  as  if  it  remained  at  the 
|le  of  the  arch-stones."     This   perhaps    might  be 
igh  to  fix    its    position    when  the  bridge  is  con- 
Ited,    since   it   is   always   found    that   arches    settle 
Ir  more  or  less  after  the  centering  is  struck :    the 
Iment  then  would  throw  the  curve  of  equilibration 
;  the  middle  of  the  arch-stones  at  the  crown,  but 
piowance  can    be   made    for   this,  as   it  cannot  be 
lined   «  priori    what    any   arch   will    settle.      If 
Icurve  coincides  with    the  intrados,  at  the   crown, 
the  centering  is  struck,  it  will  undoubtedly  after- 
take  its  place  within  the  arcli-stones,  which  is  a 
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more    advantageous    position,   so   far    as    strength    or 
durability  of  the  arch  is  concerned . 

We  shall  now  proceed  to  take  a  different  view  of  this 
subject,  and  to  show  the  conditions  of  equilibrium  that 
must  exist,  in  order  that  the  arch  may  be  so  tied  up 
that  the  voussoirs  can  neither  sUde  upwards  nor  down- 
wards, nor  yet  turn  round  either  the  upper  or  lower 
edges  of  their  joints.  This  method  of  estabUshing  the 
equilibrium  of  the  arch  has  not  been  considered  by  any 
English  writer  till  very  lately,  and  even  on  the  Con- 
tinent, the  place  of  its  birth,  it  has  not  till  within  late 
years  met  with  that  attention  which  it  so  highly  merits. 
The  theory  of  Coulomb,  which  proceeds  on  this  prin- 
ciple, has  scarcely  ever  been  noticed  in  this  country ; 
nay,  the  only  English  works  we  are  acquainted  with 
that  inform  us  that  Coulomb  had  at  all  written  on  the 
theory  of  arches  are  Cresswell's  Venturoli,  Dr.  Gregory's 
edition  of  Dr.  Hutton's  course,  and  some  of  the  writings 
of  Professor  Moseley. 


On  the  equilibrium  of  an  assemblage  of  voussoirs. 

I.  Let  ABNM  represent  part  of  an  arch,  inclining  at 
AB  against  a  fixed  plane,  and  supported  at  the  other 
extremity  by  a  force  which  is  usually  denominated  the 
horizontal  thrust.  The  form  of  this  part  of  the  arch  is 
given  by  the  curves  of  intrados  and  extrados,  and  tlie 
direction  of  the  planes  of  the  joints. 

Now  if  we  consider  this  part  of  the  arch  to  be  formed 
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by  placing  voussoirs  successively  upon  each  other,  be- 
ginning at  the  fixed  plane  AB,  it 
is  clear  that  the  first  voussoirs 
placed  against  this  plane  would  be 
supported  merely  by  the  effects  of  b 
friction,  and  would  continue  to  be 
so  supported  until  the  inclination  of  the  joints  be- 
came so  great  as  to  cause  them  to  slide ;^  it  will  then 
be  necessary  to  apply  to  the  joint  MN  of  the  last 
voussoir  a  force  F,  whose  vertical  and  horizontal  com- 
ponents may  be  represented  by  P  and  Q.  This  force 
ought  to  be  sufficient  to  prevent  the  voussoirs  from 
sliding  downwards  on  the  planes  of  the  joints,  and  also 
to  prevent  them  from  turning  on  their  lower  edges ; 
but  it  ought  not  to  be  so  great  as  to  cause  the  voussoirs 
to  slide  upwards  on  the  joints,  or  to  produce  a  rotary 
motion  roimd  their  upper  edges.      We  therefore   see 

^  Mr.  George  Rennie,  in  a  valuable  paper  in  the  Philosophical 
Transactions  for  1829,  states  that  "  the  granite  voussoirs  of  the 
arches  of  the  New  London  Bridge,  having  their  beds  weU  faced 
and  dressed  without  mortar,  generally  commence  sliding  at  angles 
from  33°  to  34°.  But  with  a  bed  of  fresh  and  finely  ground  mortar 
interposed,  the  pressure  on  the  centering  commences  at  angles  of 
from  25°  to  26°.  In  other  cases  of  arches,  where  sand-stones,  such 
as  Bramley  Fall  and  Whitby,  were  employed,  and  their  beds  faced 
and  dressed  as  usual,  the  angle  of  sliding  was  found  to  vary  from 
35°  to  36°.  But  with  mortar  interposed,  the  angle  generally  varied 
from  33°  to  34°. 

"  It  results  from  these  and  other  experiments  that  friction,  by 
absorbing  part  of  the  horizontal  thrust,  is  a  most  powerful  assistant 
in  maintaining  the  equilibrium  of  arches,  and  enables  us  to  determine 
with  something  like  precision  the  allowances  due  to  theory." 
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generally  that  taking  any  joint  ran  whatever,  the  system 
of  forces  applied  to  the  arch  ABMN  comprised  in  the 
components  P  and  Q  appUed  at  the  upper  joint  of  the 
last  vonssoir,  ought  to  be  such  that  the  action  of  the 
forces  appUed  to  the  uppe/  part  mn NM  cannot  cause 
that  part  to  slide  on  the  plane  of  the  joint  mriy  nor 
yet  turn  round  either  of  the  edges  m  or  n. 

Let  X  and  y  be  the  horizontal  and  vertical  co-ordinates 
of  the  point  m. 

x\  y,  those  of  the  point  n. 

0  the  angle  which  the  joint  mn  forms  with  the  ver- 
tical. 

JBT,  the  length  of  the  joint  mn. 

a,  6,  the  co-ordinates  of  the  point  M  of  the  curve  of 
intrados. 

a\  b\  the  co-ordinates  of  the  point  N  of  the  curve  of 
extrados. 

W,  ft),  the  vertical  and  horizontal  components  resulting 
from  the  weight  of  the  portion  7MnNM  of  the  arch. 

a,  ^,  the  co-ordinates  of  the  point  c,  where  the  com- 
ponents W  and  ft)  act. 

/,  the  coefficient  of  friction,  which  is  supposed  to  be 
proportional  to  the  pressure. 

r,  the  cohesive  force  of  a  unit  of  surface  of  the  joint 
to  prevent  sliding. 

R,  the  cohesive  force  of  a  unit  of  surface,  which  tends 
to  prevent  rotation. 

T,  the  pressure  in  direction  perpendicular  to  the  joint 
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2.  To  investigate  the  conditions  relative  to  sliding 
on  the  joint  mrij  the  force  which  tends  to  make  the 
portion  of  the  arch  MmnN  slide  in  the  direction 
nniy  is 

(P+W)  COS.  e 

and  the  force  which  opposes  this  sliding  is 

(Q+a>)  sin.  5+/ (P+W)  sin.  0+f(Q+a>)  cos.  0+rz. 

Now,  that  sliding  may  not  take  place  in  the  direction 
nniy  the  latter  must  be  greater  than  the  former,  or 

P  (l-/tan.  «)-Q  (/+tan.  ^  < -W  (l-/tan.  5) 

+a,(/+tan.«)+      """^ 


COS.  0 

Also  the  force  which  tends  to '  make  the  same  portion 
slide  in  the  opposite  direction  mn  is 

(Q+a>)  sin.  0 

and  the  force  which  opposes  this  sliding  is 

(P+W)  COS.  0+f(P+W)  sin.  «+/(Q  +  fi>)  cos.  0+rz, 

Hence,  that  the  sliding  may  not  take  place  in  the  direc- 
tion mriy  we  must  have 

-P(l+/tan.^+Q(tan.«-/)<W(l+/tan.^ 

-o>(tan.«-/)+     ^^ 


cos.  0 

3.  We  must  now  proceed  to  establish  the  conditions 
that  rotation  may  not  take  place  round  either  of  the 
points  m  or  n. 

Let  us  suppose,  in  the  first  place,  that  the  portion 
of  the  arch  mnNM  tends  to  turn  from  the  top  to  the 
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bottom  on  the  edge  or  arris  m,  and  that  the  force  whose 
resultants  are  P  and  Q  is  applied  at  the  point  N,  where 
it  will  have  the  least  tendency  to  produce  rotation  round 
the  edge  m. 

The  moment  of  the  forces  which  tend  to  make  mnNM 
turn  round  m  is 

'  p  {a'-x)  +W  {oL^x) 

and  the  moment  of  the  forces  which  oppose  this  rota- 
tion is 

Q(6'-y)+a,09-y); 

but  if  we  take  into  accoimt  the  resistance  from  cohesion, 
we  may  adopt  the  theory  of  Mariotte  and  Leibnitz,  viz., 
that  the  resistance  to  rupture  which  cohesion  exerts 
at  different  points  of  the  joint  between  m  and  n,  will 
be  proportional  to  the  distances  of  those  points  from  m. 

Let  an  element  of  the  joint  mn  be  represented  by 
dvy  and  v  its  distance  from  the  point  m,  the  cohesion 
of  this  element  will  be  Rdi/,  and  the  resistance  exerted 

R 

by  this  cohesion  is  — vdvy  the  moment  of  this  resistance 

z 

R 
round  the  point  m  will  be  —i^dp ;  its  integral  taken  be- 
tween the  limits  of  i/=o,  and  i/=j5,  or  as  it  is  usually 
expressed, 

•^R 


£ 


the  moment  from  cohesion ;  hence  the  above  becomes, 
taking  into  accomit  the  effects  of  cohesion, 
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therefore,  in  order  that  rotation   may  not   take   p 
round  the  point  m,  we  must  have 

Now,  in   the  next  place,  if  we   consider   the   por 
mnNM   tends   to   turn   on   the  edge  n,  and  that 
force  whose  resultants  are  P  and  Q  is  applied  at 
where  it  will  have  the  least  tendency  to  produce 
rotation ;   then  the  moment  of  the  forces   which  t 
to  produce  this  motion  is 

Q(6-y)+a>(y8-/) 

also    the    moment    of    the   forces    which    oppose 
motion  is 

P  {a-x)  +W  {c^x)  +  \ ^z\ 

Therefore,  in  order  that  this  rotation  may  not  take  ph 
we  must  have 

-P  (a-/) +Q  (6-y')  <  W  (a-/)-co()9-y  ) +^ 

The  equihbrium  of  the  portion  mnNM  requires,  besi 
the   condition  mentioned  in   the   last   article,  that 
components  P  and  Q  should  be  such  that  these 
conditions  will  also  be  satisfied  for  any  joint  mn. 

Conversely,  when  the  preceding  conditions  are  sa 
fied  for  all  the  joints,  the  arch  will  necessarily  rem 
in  equilibrium. 

4.  The   pressure   in   direction    perpendicular   to 
joint  mn,  is 

T=  (P  + W)  sin.  0+  (Q  +  o))  cos.  6. 

5.  If  in  the  preceding  conditions  relative  to  slid 
we  sui)pose  the  resistance  from  friction  and  colics 
to  be  nothing,  we  have,  for  a  strict  equilibrium, 
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P  — Qtan.e=— W  +  a)tan.5 
.-.  tan.  5=:7:r-^ —  , 

which  shows  that  the  resultant  of  the  forces  apphed 
to  the  portion  of  the  arch  mnNM  must  be  perpen- 
dicular to  the  joint  ran. 

6.  Also  the  conditions  relative  to  rotation  become, 
when  the  friction  and  cohesion  are  not  taken  into 
accoimt, 

—  P(a-/)  +Q(6  — /)<W(«-a:0+a)OS-y) 

which  show  that  the  resultant  of  the  forces  apphed  to 
mnNM  must  fall  between  the  points  m  and  n. 

7.  By  the  preceding  we  see  that  in  order  that  there 
may  be  an  equihbrium  of  a  system  of  voussoirs,  it  is 
necessary  that  the  components  P  and  Q  should  satisfy 
four  inequaUties,  which  are  to  be  verified  for  all 
the  joints  of  the  arch.  Hence  there  exists  certain 
limits  between  which  the  values  of  P  and  Q  must  be 
found.  If  these  conditions  do  not  contradict  each 
other,  and  if  the  values  of  the  components  P  and  Q 
be  such  as  to  satisfy  them,  the  equilibrium  can  subsist 
in  the  proposed  system  of  voussoirs  ;  and  if  we  conceive 
the  last  joint  MN  applied  against  a  fixed  plane  as 
the  first  joint  A  B  is,  and  the  system  submitted  to 
the  action  of  forces  which  are  applied  to  the  voussoirs, 
we  may  rest  assured  that  motion  will  not  ensue. 


28 


THEORY    OF 


Plate  Bande. 

8.  The  plate  bande  has  its  extrados  and  intrados,  two 
parallel  straight  lines,  and  differs  from  all  other  arches, 
inasmuch  as  the  joints  are  not  perpendicular  to  the 
intrados. 

Let  ABMN  represent  half  the  plate  bande,  AM=a, 
the  thickness  M  N  =  f ;  the 
inclination  of  the  extreme 
joint  AB  with  the  vertical 
=  ^,  the  weight  of  a  unit  of 
mass  =  TT,  and  retaining  the 
same  notation  as  in  art.  1, 
the  area  of  the  trapezoid 
MmnN  is  equal  the  sum  of 
the  areas  of  the  rectangle 
MN om  and  the  triangle  mno, 

area  of  rectangle  =  (a-^x)  t 
area  of  triangle  =  ^t^  tan.  6 

.*.  the  w^eight  of  the  trapezoid =7r  { (a— a-)  ^+  i  ^^tan.^j 

Abstracting  from  the  effects  of  friction  and  cohesion, 
and  making,  in  art.  5,  P=0,  H=0, 

W=  TT  j  {a-^x)  t+  ^t^  tan.  ^}  ;  we  have 
which  gives  for  the  last  joint  AB 


tan.  (f= 


2  7rnt 
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hence  Q=  -C-^«^^  +  ^^  tan.g-) 

2  tan.  ^ 


tan.  5       a^x 


tan.  ^  a 

This  last  equation  shows  that  if  the  joints  AB  and  mn 
were  produced,  they  would  intersect  the  vertical  in  the 
same  point  o  ;  hence  the  condition  of  equilibrium  es- 
tablished in  art.  5  will  be  satisfied  if  all  the  joints 
produced  shall  pass  through  the  same  point. 

9.  The  conditions  of  art.  6  become  for  the  plate  bande 
where  y=0,  y'=^  6=0,  b'=t,  P=0,  a)=0, 

Qf  >  W(«-a?), 

for  any  joint  mn  ;  but  for  the  extreme  joint  AB  we  have 

Qt>  moment  of  trapezoid  round  A, 
— Q  <  <  moment  of  trapezoid  round  B. 

The  moment  of  the  trapezoid  round  A  is  the  difference 
of  the  moments  of  the  triangle  ABC,  and  the  rectangle 

ACNM, 

moment  of  rectangle  =  ^a  .irat 

triangle    =  ^  ^ .  tan.  6^,^7rt^  tan.  ^ 

.•.  moment  of  trapezoid  =  ^  tt  a'*  ^  —  J  tt  f .  tan.^  0". 

But  the  moment  of  the  trapezoid  round  B  is  equal 
to  the  sum  of  the  moments  of  the  triangle  and  rect- 
angle. 

Moment  of  rectangle  =  {^a  +  t ,  tan.  ^)  at-rr 

triangle  =  f  ^ .  tan.  ^.  5  tt  ^^  tan.  ^ 

.  • .  moment  of  trapezoid  round  B  is 
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(ia+< .  tan.  ^)  af7r+  |^7^<^  tan.  V. 
Hence  the  above  conditions  for  the  joint  AB 
Qt  >i7ra»«— ^Trf^.tan.V, 
— Q  t<^'rrat  {a+2t .  tan.  0+  3  "^^^  tan.  V. 
The  second  inequality  shows  that  the  plate  bande  ABNM 
cannot  turn  round  the  upper  arris  B,  since  whatever  posi- 
tive value  be  given  to  Q,  this  condition  will  be  satisfied. 
The  fiirst  inequality  shows  that  ABNM  cannot  turn 
on  the  lower  arris  A,  and  it  becomes,  by  substituting 
for  Q  its  value  from  art.  8, 

at  >i(a»-Otan.  ^~^<*tan.V 

The  extreme  limit  for  ^  may  be  foimd  by  solving  the 
equation, 

tan.  V  -  3  (^-=^)  tan.  ^+  ^  =  0. 

If  we  take  ^=45°,  then  since  tan.  45°=  1,  the  equation 
becomes,  if  we  make  t=  1 , 

l-3(a'-l)  +  6a  =  0 

this  solved  gives  a=  1  +  \/ |^  =  2*527,  or  the  whole 
span  5054,  which  shows  that  the  utmost  hmit  to  which 
the  span  can  be  extended  is  about  five  times  its  thick- 
ness ;  but  that  the  equilibrium  may  be  stable  we  must 
have  a  <  2527,  or  the  whole  span  <  5054. 

If  ^=30°,  then  tan.  ^  =  — =  and  the  equation  be- 

\/3 


comes 


*^ -3  (a«- 1) . -L  ^.  6a  =  0 


3^3  \/3 

which  solved  gives  a  =  3*76,  or  the  whole  span  7  52; 
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here  the  utmost  limit  gives  about  seven  and  a-half  times 
the  thickness  for  the  extent  of  the  span. 

10.  If  a  vertical  line  py  be  drawn  through  the  centre  of 
gravity,  and  from  p,  pKhe  drawn,  then  if  A B  be  drawn 
perpendicular  to  pKy  it  will  represent  the  extreme  limit 
for  the  inchnation  of  the  joint ;  for  we  can  draw  from 
no  other  point  in  the  line  py,  except  p,  two  lines,  the 
one  perpendicular  to  MN,  and  the  other  to  AB.  Draw 
any  two  hues,  Ov  and  rqz,  one  on  each  side  of  the  ver- 
tical through  the  centre  of  gravity  ;  from  A  produce 
Ap  to  r,  then  the  other  perpendicular  rs  will  evidently 
fall  above  N  ;  and 
if  from  the  point  q 
the  line  qthe  drawn 
parallel  to  Kpr^  it 
will  fall  below  A,  or 
in  B  A  produced, 
and  from  any  other 
point  in  the  line  qz 
below  5,  the  perpen- 
dicular will  fall  still 
farther  below  A ;  also 
from  any  point  above 
r  in  this  Une,  the  per- 
pendicular will  fall 
farther  above  N  : 
but,  on  the  contrary,  in  the  Hne  Oi;,  we  can  draw 
from  any  point  between  O  and  kp,  perpendiculars  to  AB 
and  MN,  such  for  instance  as  ab,  be,  de,  e/,  &c.  From 
this  it  follows  that  the  equilibrium  will  be  stable  if  the 
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centre  of  gravity  should  fall  in  any  vertical  line  Ov, 
within  the  triangle  ABp  ;  strict  but  easily  deranged  if 
it  fall  in  py ;  and  should  it  fall  in  any  vertical  line  be- 
yond this  as  qz,  the  arch  cannot  stand  independent  of 
friction  and  cohesion. 

By  art.  4  the  pressure  exercised  perpendiculariy  on 
any  joint  mn  is 

T=(P+W)  sin.  ^+(Q+a))  cos.  6, 
which  becomes  for  the  plate  bande  where  P=0,  0=0 

T=Wsin.^  +  Qcos.  ^, 
and  for  the  last  joint  AB,  by  substituting  for  W  and  Q 
their  values,  viz.,  W=7r  {at  +  i  t^-  tan.  6^)  and 

Q__  7^(2fl^+^^tan.  g') 
2  tan. ^ 
we  have 

"""Vsin.d'  "'"2cos.^/' 

1 1.  If  the  thickness  of  the  plate  bande  be  verj^  small, 

compared  with  the  span  ;  then  for  the  utmost  limit,  the 

equation  at  —  ^ia^  —  f)  tan.  ^+^  f .  tan.^^=0  becomes, 

neglecting  the  quantities  that  involve  ^^  which  will  be 

very  small, 

at  —  ^aHan.  6'=  0 

2t 


Therefore 


.'.  tan.  6'  = 

a 


Qirat  1 

tan.  ff 


also  the  expression  for  the  perpendicular  pressure    on 
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The  followiog  problem  is  taken  from  Professor  Mose- 
ley's  "  OluBtratioas  of  Science,"  page  211. 

**TO  FIND  THE  OBBATEST  HEIGHT  OP  THE  P1GR8,  OP  A 
GIVBN  WIDTH,  WHICH  WILL  SUPPORT  A  BTRAIQHT  ABCH 
OF   GIVEN    DIMENSIONS. 

12.  Let  AIB  be  the  strmght  arch  to  be  supported, 
and  AK  the  given  width  of  the  piers. 

Divide  AB  into  two  equal  parts  in  C:  upon  AC 
describe  a  Bemicircle,  and  measure 
off  AD  equal  to  AK,  so  as  to  cut 
the  drcumference  of  this  semicircle 
in  D :  produce  AD,  and  let  it  ioter- 
sect  the  vertical  line  through  C  in 
E:  measure  off  EF  equal  to  AI, 
and  AG  equal  to  AB:  joinDF,  and  ' 
draw  GH  parallel  to  DF ;  then  AH  will  be  the  extreme 
height  of  the  pier.  Beiog  of  any  less  height,  it  will  stand 
firmly;  being  of  any  greater,  it  will  be  overthrown." 


1  i    , 

"■"\    = 

13.  Toestablish  the  theory  of  arches,  La  Hire  and  other 
geometers  supposed  that  they  always  break  at  points 
equally  distant  from  the  key-stone  and  the  springiiigs, 
and  that  the  higher  portion  acts  like  a  wedge  against  the 
joints  of  rupture,  and  tends  to  separate  the  lower  por- 
tions ;  consequently,  to  obtain  the  tliickncss  whiirh  the 
piers  or  abutments  must  have  in  order  to  resist  this 
thrust,  they  endeavoured  to  tind  the  pressure  which  is 
exerted  perpendicular  at  one  of  the  joints  of  rupture 
by  making  the  moment  with  respect  to  tlie  exterior  edge 
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of  the  base  of  the  pier  equal  to  the  moment  of  the  half 
arch  and  its  pier  with  respect  to  the  same  edge,  and 
thus  obtained  an  equation  of  equilibrium  which  gave  the 
thickness  of  the  pier. 

The  experiments  of  Danisy,  and  afterwards  those  of 
Boistard,  have  shown  that  arches  may  givq  way  by 
sUding  as  La  Hire  supposes,  but  that  the  rupture  more 
frequently  occurs  by  means  of  rotation  on  the  edges  of 
the  joint  of  rupture. 

They  have  also  proved  that  the  position  of  the  inter- 
mediate joints  of  rupture  varies  according  as  the  force 
exerted  by  one  part  of  the  arch  is  greater  than  that 
exerted  by  the  other. 

14.  If  the  force  exerted  by  the  upper  portion  be  greater, 
that  part  tends  to  descend  by  means  of  the  lower  parts 
giving  way,  and  the  arch  will  break,  as  shown  in  the  figure, 
that  is  to  say,  in  five  places,  and 
the  four  portions  of  the  arch  turn 
round  the  edges  6,  d,  a,  d\  V;  but 
if  on  the  contrary  the  force  exerted 
by  the  lower  portions  is  the  greater, 
the  arch  breaks  as  shown  in  the 
figure,  page  58. 

Arches,  therefore,  give  way  at  the  key-stone,  at  the 
springings,  and  at  the  intermediate  points  ;  but  as  it  has 
been  before  observed,  the  position  of  the  last  points  of 
rupture  varies  according  as  the  force  exerted  by  the 
upper  or  lower  extremities  is  greater. 

Coulomb,  profiting  by  the  experiments  of  Danisy,  was 
the  first  that  considered  the  theory  of  arches  with  respect 
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also  rotation  round  the  upper  or  lower  edges  of  the 
joints.  He  showed  that  the  theory  of  La  Hire  was  in- 
sufficient; and  first  observed  that  an  arch  may  break 
into  four  parts  instead  of  three.  (See  Memoires  Pr^- 
sent^,  &c.  tome  vii.  pp.  381  and  382). 

1 6.  Since  the  time  of  Coulomb  succeeding  writers  have 
contented  themselves  with  developing  his  theory :  among 
the  most  successful  may  be  mentioned  Colonel  Audoy  in 
No.  4,  and  Mr.  Petit  in  No.  12,  Memorial  de  TOfficier 
du  Gr^nie.  Also  perhaps  one  of  the  clearest  expositions 
of  Coulomb's  theory  may  be  found  in  Navier's  excellent 
work,  entitled  Resume  des  Legons  donnecs  a  VEcole  des 
Ponts  et  ChaiLSsees,^  Gariders  Tables  des  Poussees  des 
Vautes  en  Plein  CintrCy  and  Memoire  sur  la  StabiUte  des 
Voutes,  by  M.  G.  Lam^  and  E.  Clapeyron,  may  be 
consulted  with  much  advantage.  These  two  latter  enii- 
ment  engineers  gave  a  number  of  transcendental  equa- 
tions for  determining  the  points  of  rupture,  but  they 
have  given  the  investigation  as  regards  rotation  only, 
and  experience  proves  that  this  kind  of  rupture  is  most 
to  be  dreaded. 

16.  To  proceed  with  the  exposition  of  Coulomb's 
theory  we  may  consider  as  given — the  span,  the  rise,  the 
curve  of  intrados,  the  height  of  the  piers  or  abutments, 
the  distribution  of  the  weights  which  the  arch  ought  to 
sustain,  and  the  tliickness  of  the  arch  at  the  key ;  this 
thickness  is  generally  determined  from  the  example  of 
the  most  perfect  constructions,  similar  to  the  one  about 

^  To  this  admirable  work  we  arc  greatly  indebted,  and  consider  that 
it  should  be  used  in  every  school  that  is  at  idl  iutercsted  in  the  progresb 
of  science  applied  to  the  arts. 
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to  be  projected.  The  equilibrium  of  the  arch  is  main- 
tained either  by  loading  the  parts  more  that  tend  to  be 
raised,  or  by  giving  more  thickness  to  these  parts. 

let  us  suppose  the  arch  to  be  divided  into  two  equal 
parts  at  the  key,  the  action  of  the  weights  supported  by 
the  arch  exercises  a  pressure  perpendicular  to  this  joint 
between  the  two  halves ;  we  may  therefore  suppress  one 
half  of  the  arch,  and  replace  it  by  a  horizontal  force 
equal  to  the  pressure  it  exercises. 

17.  Let  ABNM  represent  a  semi-arch,  and  mn  any 
joint  where  the  rupture  may  be  supposed  to  take  place. 
Let  OM  and  0N=6,  b' ;  x,  y  the  co-ordinates  of  the 
point  m;  x,  y  those  of  the  point  n; 
the  length  of  the  joint  mn;  0  the  angle 
which  this  joint  forms  with  the  vertical ; 
«= AD  the  distance  of  the  point  A  from  / 
the  vertical  passing  through  the  centre  ^X  y  J.  ' 
of  gravity  of  this  portion. 

T  the  normal  pressure  on  the  joint  mn,  and  for  the 
rest  the  same  notation  as  in  art.  I . 

18.  Supposing  that  the  rupture  of  the  arch  takes  place 
by  the  ^ding  of  the  voussoirs  along  the  planes  of  the 
joints,  we  have  by  art.  2 

pi__W(coB.  g— /sin,  ff)  —rs  ^  ., 

sin.  fl-f/cos.  e         ■         ■     ■     t'J 

The  values  of  F  in  this  equation  must  be  calculated 

for  all  the  joints  in  the  semi-arch,  since  by  varying  the 

*  The  friction  which  is  proportional  to  the  perpendicular  pressure  on 
the  joint  will  be 

/{Fco8.tf  +  WBin.fl) 
and  the  cohesion  being  pioportioDal  to  the  length  of  the  joint,  is  r  r. 
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angle  5,  we  will  have  different  values  for  F.  The  greatest 
of  these  values  ought  to  be  taken  for  the  horizontal 
thrust,  or  the  pressure  which  the  two  halves  of  the  arch 
exercise  against  each  other  at  the  key. 

The  force  F,  which  would  be  sufficient  to  cause  the 
portion  MN nm  of  the  arch  to  slide  upwards  in  the 
direction  mn,  may  be  thus  expressed : 

p_  W  (cos.  g+/sin.  0)+rz  .g) 

sin.  ^—/ COS.  ^ 

Tbe  values  of  F  being  calculated  in  the  same  way  for 
all  the  joints  in  the  semi-arch,  the  least  value  must  be 
greater  than  the  horizontal  thrust,  or  the  equiUbrium 
requires  that  the  maximum  of  equation  (I)  must  be  less 
than  the  minimum  of  equation  (2) . 

19.  According  to  the  forms  and  proportions  generally 
given  to  arches,  the  joints  of  rupture  which  will  give 
the  maximum  of  equation  (1)  will  be  found  in  the 
haunches  of  the  arch.  The  joint  which  gives  the  mi- 
nimum value  of  equation  (2)  is  near  the  springings ;  here 
the  arch  has  a  tendency  to  give  way,  as  in  the  annexed 
figure,  the  upper  parts  sliding  down- 


wards,  and  thereby  forcing  the  lower 


parts  upwards  along   the    springing  f^ 

line.  ^  *■  -  - 

It  may  also  happen  that  the  joint  which  gives  the 
maximum  of  equation  (1)  may  be 
at  or  near  the   springing    line, 
whilst  that  which  corresponds  to     /X7  v;  ^ 

the  minimum  of  equation  (2)  is  J l  _L__L 

near  the  crown ;  then  the  arch  will  be  apt  to  give  way  as 
in  the  annexed  figure. 
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20.  Now  that  the  rupture  cannot  take  place  by  the 
voussoh^  turning  on  the  upper  or  lower  edges  of  the  joints, 
by  art.  1 ,  the  horizontal  force  F,  appUed  at  the  point  N, 
necessary  to  prevent  the  portion  mnNM  of  the  arch 
from  turning  from  the  top  to  the  bottom  on  the  lower 
edge  or  arris  m,  may  be  thus  expressed : 

The  values  of  (2)  being  calculated  for  all  the  joints  in 
the  semi-arch,  the  greatest  of  these  values  ought  to  be 
taken  for  the  horizontal  tlurust.  Also,  the  horizontal 
force  F  applied  at  N,  w^hich  w^ould  be  sufficient  to  cause 
the  portion  7nnNM  to  turn  upon  the  upper  arris  n,  may 
be  expressed  by  the  equation 

F^W(«-a^O+iR^^  (4) 

The  values  of  (4)  being  also  calculated  for  all  the  joints 
in  the  semi -arch,  the  least  value  must  be  taken  greater 
than  the  horizontal  thrust ;  that  is,  the  equilibrium 
requires  that  the  minimum  of  equation  (4)  must  be 
greater  than  the  maximum  of  equation  (3). 

From  the  above  the  maximum  of  equation  (3)  is 
given  by  a  joint  of  rupture  near  the  key,  and  the  mini- 
mum of  equation  (4)  given  by  a  joint  of  rupture  near  the 
springings.     Then  the,  arch  is  apt  to  break,  as  repre- 
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that  the  arch  may  give  way,  as  in 

the  figure,  the  lower  parts  turning 

mwards,   and  thereby  forcing  the 

upper  parts  outwards.     For   the  J2j 

equilibrium  for  this  kind  of  rupture,  the  force  F  applied 

at  M,   which  would  prevent  the  portion  of  the  arch 

mnNM  from  turning  on  the  edge  or  arris  m,  may  be 

thus  expressed : 

F^W(a-^)~iRz^  (5) 

&— y 

The  maximum  of  this  equation  must  be  taken  for  the 
horizontal  thrust  of  the  arch. 

Also  the  force  F  appUed  at  M,  figure,  page  36,  which 
would  cause  the  same  portion  to  turn  on  the  arris  n,  is 

For  the  equiUbrium  in  this  case,  the  maximum  of  equa- 
tion (5)  must  be  less  than  the  minimum  of  equation  (6) . 

22.  In  art.  18  we  have  supposed  the  rupture  to  take 
place  only  by  shding,  and  in  arts.  20  and  2 1 ,  that  it  should 
be  eflfected  by  rotation.  The  most  general  case  is  where 
the  arch  is  apt  to  give  way  as  is  represented  in  the  figiue, 
page  38;  it  also  sometimes  happens  that  whilst  the  upper 
parts,  as  here  represented,  are  descending,  they  force  the 
lower  parts  outwards,  as  in  the  figure,  page  37.  It  is  clear 
that  to  prevent  this  motion  the  maximum  of  the  expres- 
sion equation  (3)  must  be  less  than  the  minimum  of  (2). 

For  every  possible  combination  that  can  take  place, 
we  must,  in  the  first  instance,  have  the  equations  (1)  and 
(3),  throughout  the  whole  arch,  less  than  the  c(|uations 
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(2)  and  (4) ;  and  in  the  next  place,  the  equations  (1) 
and  (5)  less  than  (2)  and  (6). 

23.  When  the  arch  is  built  or  supported  on  piers  or 
abutments  the  preceding  formute  may  be  here  appUed.  if 
we  consider  the  piers  or  abutments  to  form  part  of  the 
arch ;  but  this  supposes  that  the  stones  or  voussoirs  of  the 
piers  are  sufficiently  long  to  extend  throughout  the  whole 
thickness,  for  the  theory  here  treated  of  is  founded  on 
the  hypothesis  that  the  arch  can  only  give  way  at  the 
joints,  either  by  sliding  on  their  planes  or  turning  on  the 
edges. 

24.  From  the  preceding  we  may  proceed  to  give  the 
conditions  of  equilibrium  in  every  possible  case.  1st. 
To  find  the  horizontal  thrust  F  applied  at  N  by  sup- 
posing different  positions  of  the  joint  of  rupture  mn,  in 
the  haunches  of  the  arch,  and  stopping  at  the  position 
for  which  the  expression  art.  21 

6  — y 
or  by  neglecting  the  effects  of  cohesion, 

F_W(a-a:) 

gives  the  greatest  value. 

We  must  next  ascertain  whether  the  horizontal  thrust 
thus  determined  be  sufficient  to  cause  either  the  whole  or 
a  part  of  the  semi-arch  ABNM  to  turn  on  the  exterior 

• 

arris.  Now  it  is  clear  that  the  horizontal  thrust  can 
more  easily  force  the  whole  semi-arch  to  yield,  either  by 
sUding  or  rotation,  than  it  can  a  part  of  that  semi-arch, 
where  the  inclination  of  the  planes  of  the  joints  to  the 
horizon  is  greater. 
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For  the  equilibrium  to  exist,  supposing  the  rupture  in 
the  first  joint  AB,  we  must  see  that  the  expression 

T?_W(«~/)+iRg' 

or  neglecting  the  effects  of  cohesion, 

b  — y 

calculated  for  this  joint,  is  greater  than  the  horizontal 

thrust. 

We  must  also  see  whether  the  horizontal  thrust  can 

make  either  a  part  or  the  whole  of  the  semi-arch  slide 

on  the  planes  of  the  joints ;  that  is,  we  must  show  that 

the  expression 

p _  W  (cos,  e+f  sin.  0)+rz 
sin.  O^-f  COS.  0 

or  neglecting  cohesion, 

p_W(cos.  g+/sin.g) 
sin.  ^—/ COS.  ^ 

calculated  for  any  joint  whatever  near  the  springings,  is 
greater  than  the  horizontal  thrust.  If  this  joint  were 
horizontal,  the  preceding  expression  would  become 

F=Wf+rz, 
or  neglecting  cohesion, 

F=W/. 
25.  In  the  note,  page  88,  '*  Papers  on  Bridges,"  we  ob- 
served that  the  theory  there  given  gave  the  same  results 
as  far  as  rotation  was  concerned  as  the  theory  of  Cou- 
lomb, but  that  the  latter  was  much  simpler  in  form. 
We  shall  now  reproduce  the  formulae  given  in  the  Papers 
from  that  of  Coulomb. 
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"^  (^ ^^ 

Equation  (3)  page  38,  F= — -) i  neglecting  co- 

6— y 

hesion.  Here  «  — a?  =  DP,  the  distance  of  a  vertical 
through  the  centre  of  gravjty  of  the  portion  mn NM 
from  D,  and  &'— y=  EQ,  using  the  rotation  given  in  the 
Papers,  we  have 

^     ^EQ 

Now  hy  equation  (4)  the  force  Q,  applied  at  E  to 
turn  the  whole  semi-arch  round  the  arris  K,  may  be  thus 
determined. 

The  moment  of  the  upper  portion  of  the  arch  round 
Kis/t  (DP  +  KR). 

The  moment  of  the  lower  portion  is  v.  KS,  the  sum 
of  these  moments  is  the  whole  moment  of  the  weight  of 
the  semi-arch  round  the  point  or  arris  K. 

Also  the  moment  of  Q  round  K  =  Q.KX=Q  (EQ 
+  KU).  Now  in  order  to  have  a  strict  equilibrium 
these  moments  must  be  equal 

Q  (EQ  +  KU)  =  /.  (DP-I-KR)  +  v.  KS 

.   n^f^  (DP  +  KR) +  i;.KS 
"•^"  EQ  +  KU 

Hence  to  ensure  the  stability  we  must  have 

DP     fijDF  +  KR)  +  t>.KS 
'^EQ^  EQ+KU 

or  by  reduction 

li — — ^ — <  /t.  KR  +  i/.KS, 

but  the  triangles  DMP  and  DEQ  are  similar 

DP:PM(=FQ)  :  :DQ:EQ 


/*•  gQ  •  gQ  •  KU</A.  KR  +  i/.  KS, 

which  is  the  same  expression  as  given  at  page  84, 
"  Papers  on  Bridges.*' 

From  this  we  see  clearly  the  superiority  of  the  theory 
of  Coulomh  over  the  complicated  theory  of  rotatory 
levers,  having  deduced  the  same  expression  from  the 
most  simple  and  evident  principles ;  besides,  as  we  have 
before  observed,  the  former  is  more  general  than  the 
latter,  as  it  takes  into  account  the  tendency  of  the 
voussoirs  to  sUde  on  the  planes  of  their  joints. 

26.  M.M.  Lam^  and  Clapeyron  find  the  joint  of  rupture 

by  making  — --  a  maximum,  where  m  is  the  mass  above 

h 

that  joint,  a  the  distance  between  the  point  of  rupture, 

and  the  vertical  passing  through  the  centre  of  gravity 

and  ft=E  Q,  (see  figure,  page  81,  "  Papers  on  Bridges :") 

they  give 

MA 


tt/MA      ma\ 


a  maximum  where  H,  M,  and  A  are  the  corresponding 
quantities  to  the  above,  taking  both  the  arch  and  its 

piers  into  consideration ;   and  since  H   and  — — -    are 
constant  quantities,  the  above  will  be  a  maximum  when 

—J-  is  a  maximum.   For  semicircular  arches  with  parallel 
h 

extrados  let  R  and  r  be  the  radii  of  bases  of  the  cylin- 
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ders  of  extrados  and  intrados,  r6  the  arc  between  the 
middle  of  the  key-stone  and  the  jomt  of  rupture,  then  ^= 

R— r  COS.  6\  m=  — - — .  6  and  a^=^T  sm.  ^— a?,  x  bemg 

the  distance  of  the  centre  of  gravity  of  the  mass  m  from 
the  vertical  passing  through  the  middle  of  the  key.  Let 
us  conceive  the  mass  m  to  be  divided  into  infinitely  small 
elements  by  planes  passing  through  the  common  axis  of 
the  cylinders,  making  between  them  the  constant  angle 
d  0,  the  centre  of  gravity  of  each  of  the  equal  elements 
will  be  distant  fi^om  the  axis  of  the  cylinders  by  a 
constant  quantity  /,  which  by  the  property  of  the 
centre  of  gravity  is  thus  determined, 

n^de     2R       r^de    2r      /U^dO        r^  d9' 


/K*  dO        r^  d0\  . 

=v-9 — 9-y^ 


whence  /=f  ^^,_^/^  ; 
/  being  known  we  must  detennine  x, 

.-.  ex-=-r  (A— COS.  ^,  the  value  of  the  constant  A  is 
unity,  for  the  integral  ought  to  vanish  when  ^=0 ;  we 
have  then 

a=r  sin.  ^— —1— 1. 

3(R'-r^) 

and  by  substituting  the  values  of  m,  a,  and  h  in  — -,  we 


have 


^^'""^r  e  sin.  g-(R'7^')(i  __cos.  6) 
^«  2  3     ^         (1) 


h  R— r  cos.  6 

which  must  be  a  maximum. 
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This  equation,  being  transcendental,  can  only  be  solved 

by  approximation.     In  the  following  table  we  have  the 

different  arcs  6  from  45°  to  60°  with  the  corresponding 

6 
values  of  sin.  0y  cos.  0,  and  z=^- — -. 

sin.  6 


Values  of  6. 

Values  of 
sin.  B, 

Values  of 
COS.  0 

Value  of 
0 

sin.  B 

45° 

or  0-7854 

0-7071 

0-7071 

1-1133 

46 

0-80285 

0-7193 

0-6947 

1-1161 

47 

0-8203 

0-73134 

0-6820 

1-1216 

48 

0-83776 

0-7431 

0-6691 

11273 

49 

0-8552 

0-7547 

0-65606 

1-1332 

50 

0-87266 

0-7660 

0-6428 

11392 

51 

0-8901 

0-7771 

0-6293 

11453 

52 

0-9076 

0-7880 

0-6157 

11517 

53 

0-9250 

0-7986 

0-6018 

1-1582 

54 

0-9425 

0-8090 

0-5878 

1-1649 

55 

0-9599 

0-8191 

0-5736 

11719 

56 

0-9774 

0-8290 

0-5592 

1-1790 

57 

0-9948 

0-8387 

0-5446 

1-1862 

58 

1-0123 

0-8480 

0-5299 

1-1937 

59 

1-0297 

0-8572 

0-5150 

1-2014 

60 

1-0472 

0-8660 

0-5000 

1-2090 

The  radias  is  always  supposed  equal  to  unity. 


J 


Let  us  take  for  an  example  the  case  of  an  arch  whose 

R     9 
thickness  is  i^th  of  its  diameter,  then  — =-,    and    the 

r      8 
equation  (2)  becomes 

(9—8  COS.  6)  — JS5  (8—9  cos.  S)  =  1-0637    ...     (3) 

Suppose  ^=45°,  and  we  get  152 18,  which  is  too  large  ; 

also  if  tf=0,  we  have  2,  which  is  also  too  great :  hence 

we  conclude  that  the  angle  of  rupture  is  between  45°  and 

90°.    If  5=60,  we  get  a  quantity  7686,  too  small  in  the 

left  hand  member  of  equation  (3)  ;  therefore  the  real 

value  is  between  44°  and  60°. 
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As  the  two  preceding  suppositions  have  given  results 
which  differ  firom  the  second  part  of  the  equation  (3)  of 
•5  and  '3  respectively,  the  true  value  appears  to  be 
nearer  6(f  than  45°,  and  from  the  above  relation  it 
appears  that  0  is  about  55^;  this  substituted  gives 
1*0859,  which  is  still  a  Uttle  too  great,  which  shows 
that  0  is  greater  than  55^;  and  since  0=56^  gives  a 
result  r0282,  a  value  which  is  too  small,  we  may  there- 
fore easily  find  by  interpolation  0=bb^  23';  for  taking 
the  difference  for  1°  or  60',  and  the  difference  between 
result  for  50°,  and  the  second  member  of  equation  (3), 
we  have 

•0577  :  60  :  :   0222 

60 


•0577)  1  -3320  (23' 
1  154 


1780 
1731 

49 

If  d=55°  23'  be  substituted,  it  will  give  in  the  first 
member  of  equation  (3)  1064,  wliich  differs  from  the 
second  member  only  by  the  small  quantity  0003. 

Thus  the  circular  arch,  whose  thickness  is  constant  and 
rise  ^th  of  the  span,  has  the  point  of  rupture  situated 
55°  93'  from  the  middle  of  the  key-stone,  or  34°  37'  from 
the  springings. 

27.  The  theory  of  Coulomb,  as  originally  given  by  that 
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illustrious  mathematician,  and  subsequently  reproduced 
by  Navier,  which  is  nearly  the  same  as  we  have  here 
given,  supposes  a  separate  discussion  of  the  conditions 
of  equilibrium  of  each  particular  voussoir,  and  establishes 
the  required  maxima  and  minima  by  a  comparison  of  the 
various  different  results  thus  obtained.  In  this  form  it 
supposes  an  inunense  labour  of  calculation ;  and,  after 
all,  it  determines  only  the  conditions  of  equilibrium  of  an 
existing  structure,  lending  its  aid  but  indirectly,  and 
with  difficulty,  to  the  engineer  who  would  determine  the 
form  and  dimensions  of  a  proposed  structure  so  as  best 
to  secure  its  stability.  The  subsequent  labours  of  M.M. 
Audoy,  Lam^  and  Clapeyron,  Persy,  Petit,  Poncelet 
and  Garidel,  have  however  given  to  this  theory  a  new 
form  and  character,  embracing  in  the  discussion  many 
conditions  of  the  equilibrium  of  the  arch  which  lay 
before  beyond  its  Umits,  and  greatly  diminishing  the 
labour  of  its  calculations.  From  the  account  which  our 
limits  permitted  to  give  of  it,  it  will  appear  that  this  new 
developement  of  the  theory  of  Coulomb  consists  in  the 
determination  in  terms  of  the  inclination  of  any  joint  of 
the  arch  to  the  vertical  of  a  function  expressing  the 
value  of  that  horizontal  thrust,  which,  being  applied  to 
the  summit  of  the  key-stone,  will  just  prevent  the  semi- 
arch  from  turning  inwards  upon  that  joint.  By  the 
theory  of  Coulomb  the  maximum  of  this  function  de- 
termines the  position  of  the  joint  of  rupture. 

Professor  Moseley  has  shown  that  his  theory,  founded 
upon  the  discussion  of  the  hnes  of  resistance  and  pres- 
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sure,  (the  former  of  which  he  has  been  the  first  to  in- 
troduce in  the  theory  of  statics,)  and  developing  itself 
by  a  wholly  independent  method  of  analysis,  so  far 
as  it  embraces  the  same  elements  of  the  discussion 
with  the  theory  of  Coulomb,  necessarily  leads  to  the 
same  results;  and  it  is  a  remarkable  verification  of 
the  formulae  given  by  this  able  mathematician,  and  of 
those  deduced  from  the  theory  of  Coulomb  by  the 
eminent  individuals  whose  names  we  have  mentioned, 
that,  proceeding  with  methods  of  analysis  so  remote 
and  so  difficult,  they  have  arrived  at  formulae,  which, 
when  they  refer  to  the  same  circumstances  of  equili- 
brium, are  identical. 

The  formulae  arrived  at  by  the  French  mathematicians 
as  stated  by  Garidel,  and  made  by  him  the  foundation  of 
the  tables  which  he  has  calculated  with  so  much  labour 
and  ingenuity,  are  the  following;  the  notation  being  made 
to  correspond  with  that  of  Professor  Moseley's  Paper. 
In  the  case  in  which  the  load  rests  on  the  extrados,  and 
the  arch  is  a  complete  segment,  so  that  6=0: 
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Now,  if  in  equation  (7)  of  Professor  Moseley's  Paper, 
page  51,  X  and  Y  be  taken=0,  by  which  substitutions 
the  more  general  case  of  equilibrium  supposed  in  that 
equation  will  be  reduced  to  the  case  of  a  complete  arch 

of  equal  voussoirs  without  loading,  and  if  this  equation 

p 
be  then  solved  in  respect  to  -— ,  then  equation  (1)  of  the 

'T 

above  will  be  reproduced.  Equation  (13)  of  Professor 
Moseley's  Paper  will,  in  like  manner,  give  us  equation 
(2)  of  the  above.  If  in  the  above  equations  (3)  and  (4), 
ft  be  assumed  =  0,  and  \  taken  =  «,  the  Professor's  equa- 
tions (19)  and  (20)  will  be  obtained.  These  are  the  fun- 
damental equations  from  which  the  Tables  of  Garidel 
are  calculated;  and  they  result  aUke  from  the  theory 
of  Coulomb  and  that  of  Professor  Moseley.^* 

The  discussion  of  the  latter  theor)%  however,  embraces 
various  elements  which  are  not,  we  believe,  to  be  found 
in  any  other. 

It' determines  the  conditions  of  equilibrium  not  only 
of  the  continuous  segmental  arch,  but  of  the  Grothic  arch, 
and  that  under  every  variety  of  loading;  not  only  for 
instance  when  the  pressure  of  the  load  is  vertical,  but 
when  its  direction  is  inclined  at  any  angle  to  the  ho- 

^  M.  Garidel  has  given  the  following  approximate  expressions  for 
the  angle  of  rupture  and  the  thrust  in  the  case  of  an  unloadeil  arch  with 
equal  voussoirs;  they  are  derived  from  the  equations  (1)  and  (t2). 

-yoggg.  49-594  (g  + 1-69043)  (a-0'1.5371)  (0-991J87-a) 

(a  +  2)(a-f  0-4597) 
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rizon :  as  an  illustration  of  this  fact,  let  it  be  observed 
that  equations  (25,  26,  27)  determine  the  conditions  of 
equilibrium  of  an  arch  which  sustains,  either  by  its  ex- 
trados  or  intrados,  the  oblique  pressure  of  a  fluid.  The 
equations  of  the  Professor's  Paper  not  only  determine 
what  are  the  conditions  of  the  stabiUty  of  an  arch,  imder 
a  given  loading,  but  what  loading  will  give  certain  condi- 
tions of  stability.  They  enable  us,  for  instance,  so  to  load 
a  segmental  arch  as  to  bring  its  points  of  rupture  to  any 
given  distance  from  its  springing;  they  also  determine 
what  load  accumulated  near  the  crown  would  cause  the 
arch  to  fall  by  the  descent  of  the  crown,  and  what  at  the 
haunches  would  cause  its  fall  by  the  elevation  of  the 
crown.  In  respect  to  the  direction  of  the  pressure  upon 
the  key-stone,  these  formulae  include,  in  common  with 
the  French  formulae,  the  case  in  which  (the  arch  being 
constructed  without  cement)  this  direction  may  be  sup- 
posed to  be  through  the  summit  of  the  key-stone  ;  they 
determine  also  the  actual  direction  of  this  pressure  when 
by  the  interposed  cement  a  mathematical  adjustment  of  the 
joints  is  brought  about,  and  when  this  direction  is  there- 
fore through  some  point  which  intervenes  between  the  top 
and  bottom  of  the  key-stone, — a  determination  which,  we 
believe,  has  not  been  attempted  by  any  other  author.  It 
is,  however,  principally  to  be  remarked  in  respect  to  the 
theories  of  Coulomb  and  Professor  Moselev,  that  the 
latter  is  general,  embracing  every  case  of  the  equiUbrium 
of  a  system  of  bodies  in  contact,  and  including  the  arch 
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the  buttress,  the  pier,  the  straight  arch  or  plate  bande, 
the  embankment,  &c. 

The  formulae  given  by  the  French  mathematicians  for 
determining  the  width  of  the  pier  of  a  given  height  is 
deducible  from  Professor  Moseley's  equations,  substi- 
tuting in  equation  (4)  the  values  of  the  horizontal  thrust, 
the  weight  of  the  arch,  and  the  quantity  fc,  as  deter- 
mined by  the  subsequent  equations,  and  then  solving 
equation  (4)  for  K. 

28.  We  shall  now  proceed  to  give  Petit*s  fonnulae  and 
tables  for  calculating  the  stability  of  arches. 

At  page  38  we  have  shown  that  if  the  length  of  the 
arm  of  the  lever,  with  which  the  horizontal  thrust  F 
acts  =  y,  and  the  weight  of  the  portion  mn NM=W,  and 
^  the  length  of  the  arm  at  which  it  acts,  then  we  have 

F.y=W.0orF=^^. 

y 

We  are  ignorant  of  the  point  m  round  which  the  ro- 
tation tends  to  take  place,  or  in  other  words,  we  do  not 
know  the  angle  0  which  the  joint  of  rupture  mn  makes 
with  the  vertical ;  but  since  the  force  F  must  be  such 
that  it  shall  keep  any  portion  whatever  of  the  arch  in 
equilibrium  upon  the  portion  beneath  it,  it  must  be  equal 

the  greatest  value  that ?  admits  bv  the  variation 

y 

of  the  point  of  rupture. 

In  order  to  obtain  this  value,  we  nmst  assume  a 
point  of  the  arch,  or  the  angle  ^,  which  determines  the 
position  of  the  point,  and  find  the  corresponding  value 
of  F.     We  must  next  assume  another  value  of  6,  and 
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find  another  value  of  F,  and  proceed  in  this  way  until  we 
have  found  the  maximum  value  of  F.     (See  page  38.) 

We  must  take  the  moment  of  this  ]ast  force  with 
respect  to  the  edge  d,  or  the  outer  edge  of  the  given 
piers,  and  then  put  this  moment,  equal  to  the  moment 
(M)  of  the  half  arch  and  its  pier,  and  this  equation  will 
give  (e)  the  thickness  of  the  pier.  Thus,  if  F  be  the 
maximum  value  of  F,  and  L  the  arm  at  which  it  acts, 
we  have  the  equation 

M=FL,  which  gives  e. 

These  are  the  two  formulae  which  M.M.  Audoy  and 
Petit  have  developed.  The  following  are  M.  Petit's 
formulae,  relating  to  arches  that  are  semicircular  and 
have  a  parallel  extrados. 


Semicircular  arches  with  parallel  extrados. 
29.  The  formulae  for  these  arches  are 


COS.  ^+  (1  - K  COS.  &)—  =  K -  5 . ?—ll 


F=r2(HK2-l)(l  +  ^  co8.^)-i(K«-l)|      .     .     . 
L  sin.  B  J 


(1) 


(2) 


i=-i^(K»-l)^+ 
r  h 


^/-rV«2(K-^_l)2.^+  2|Kc+i(K»-l)-i^(K*-l)U+2c    (3) 


In  the  preceding  formulae  K  is  the  ratio  of  the  radius 
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R 
of  the  exti%idos  to  that  of  the  intrados  or  — ;  6  the  angle 

r 
of  rupture  corresponding  to  the  maximum  thrust ;  F  the 

iTiaYimum  value  of  the  thrust  F ;  r  the  radius  of  the  in- 
trados; h  the  height  of  the  pier  or  abutment  of  the 
arch  ;  c  the  ratio  of  the  maximum  thrust,  and  the  square 

of  the  radius  or  c  =  -;;- ;  ir  the  ratio  of  the  circumference 

to  the  diameter. 

As  an  example,  we  may  determine  the  necessary 
thickness  for  the  piers  or  abutments  of  a  semicircular 
arch  with  parallel  extrados,  where  the  radius  of  the 
intrados  r=16'4  feet,  and  the  radius  of  extrados  R 
=  20'99  feet,  and  the  height  of  the  piers  or  abutments 
6*56  feet. 

With  the  Tables  I.  and  II.  of  M.  Petit  this  problem 
can   be   easily   solved.     We   must   first  find   the   ratio 

K  =  — =  ?^  =  1-28.     In  Table  I.  we  find  the  cor- 
r        164 

responding  value  of  5 =62^30',  and  Table  II.  gives  the 

following  equation  to  solve 

-=-•5014-  ^+  \/  -2520- f,+  0801  •  ^+2738 
r  h  A^  h 

in  order  to  determine  the  thickness  of  the  abutments  in 
the  case  of  strict  equilibrium . 

The  preceding  equation  is  only  equation  (3)  with  the 

values  K=l-28,  7r  =  3141G,  or  ^  =  \^-t  =  2r>,  and 

h         u;)u 

this  equation  gives  e  =  2'92  for  the  case  of  strict  equili- 
brium. 

Without  these  tables  we  should  first  have  supposed 

e  =  6r  or  e=^L^^-|iil^  =106,  cos.   or  =4848, 

loO 
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sin.  61°=  8746;  K=l-28;  these  numbers  substituted 
in  equation  (1)  we  have  9446  =9592;  hence  61°  does 
not  satisfy  the  equation. 

Next  assume  5=62°,  and,  proceeding  as  before,  we 
find  95856=  95920 ;  this  value  of  0  therefore  does  not 
satisfy  the  equation. 

Now  assume  5=63°,  and  we  find  97093=  95920; 
here  the  first  number  is  the  greater,  we  therefore  con- 
clude that  the  real  value  of  6  lies  between  62°  and  63°. 

Taking  the  difference  -97093— -95856=01237,  which 
corresponds  to  1°  or  60',  and  also  the  difference  -95920 
--95856=  00064, 

•01237  :  60^  :  -00064  :  x  =  3V; 

hence  5=62°  31';  sin.  5  =8871,  cos.  5= -4615,  0 
62°3r     31416 


90      '       2 


=  1-091.     These  values  substituted 


F 

in  equation  (2)  give  c  =  — -=  -135,  nearly  the  same  as 

r   - 

the  value  given  by  Table  I.,  whence  we  may  find  the 
maximum  thrust  F=135  •  (16-4)2  =  36-31  feet ;  lastly, 
this  value  of  c,  and  those  of  h,  r,  tt,  and  K,  substituted 
in  equation  (3),  give  the  thickness  e,  as  has  been  found 
above.     In  the  case  where  h  is  infinite,  the  formula  (3) 

would  reduce  to  -=  \^2Cy  which  gives  for  the  hmit  of 

r 

the  thickness  of  the  piers  or  abutments  e  =  8*528  feet 

instead  of  2-92. 

By  Colonel  Audoy's  method  we  may  find  the  stabiUty 

by  multiplying  tlie  value  of  the  thrust  by  19,   which 

gives  the  stabiUty  of  arches  calculated  by  the  formula  (3) ; 

by  putting  1  '9  c  or  c  +  '9  c  instead  of  c,  we  have 


BRIDGES.  57 


f.=-i^(K«-i).r+ 

r  h 


r 
h 


^|TVir2(K2~l)2.^2+[l-8.Kc+2Kc+-5(K3-l)-j7r(K2~l)]. 

+  2c-f  l-8c  j 

If  we  want  to  find  the  limit  of  thickness  in  the  case 
of  stability  given  by  La  Hire,   the   equation  becomes 


-=  V'2c+2X -9  0=  >/3-8c='72,  whence  6=72x1 -64 

T 

=  11-8  feet. 

The  voussoirs  tend  to  sUde  on  the  surfaces  of  the 
inferior  joints ;  hence  there  results  a  thrust  sometimes 
more  powerful  than  that  of  rotation.  In  semicircular 
arches  with  a  parallel  extrados  the  maximum  thrust  due 
to  shding  is  G=15304r^  (K2-1)=F,  G  being  the 
horizontal  force  capable  of  preventing  the  shding  of  any 
voussoir  whatever  which  tends  to  descend  upon  the 
lower  surface.  It  is  by  these  means  that  Petit  has  found 
the  numbers  which  are  given  in  the  5th  column  of  Table 

I.     Thus,  in  the  example  c=    ?^  =   15304  (K^  -  1)  = 

"0977,  a  thrust  which  is  less  than  the  thrust  from  rota- 
tion. 

If  the  former  thrust  were  the  greater,  we  should  use  it 
to  determine  the  thickness  of  the  piers.  By  examining 
Table  I.  we  find  the  values  of  c  relative  to  sUding 
greater  than  those  relative  to  rotation  as  far  as  K  =  1  44  ; 
thus,  for  those  arches  which  give  to  K  a  value  between 
2*732  and  1*44,  we  must  employ  the  values  of  c  relative 
to  shding  for  determining  the  thickness  of  the  abut- 
ments. 

The  following  figure  represents  the  rupture  of  the  arch 
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when  the  force  exerted  by  the  lower  portions  is  greater 
than  that  by  the  upper. 


Semicircular  arches  with  horizontal  extrados. 
30.  The  formulae  relative  to  these  arches  are 

6(K— co8.^)  L  >8in.d    cos.^^d/ J 

and 

+ 


r  «-f  Kr 


^^^-^A-iJ-'^''''-^^"^^  '- 


(2) 


^A  +  Kr'       ^  6     n  +  Kr  A  +  Kr 

The  first  gives  the  thrust  due  to  rotation,  and  the  second 
the  thickness  e  of  the  piers. 

And  G=r^  (16391.  K^--15206)  (3),  which  gives  the 
thrust  due  to  the  maximum  of  sliding.  As  an  example, 
let  us  find  the  thickness  of  the  abutments  of  an  arch 
with  an  horizontal  extrados,  where  the  radius  of  intrados 
is  r=  6'56  feet,  and  radius  R=  7*54  feet,  and  the  height 
of  the  piers  A  =  9*84  feet. 

We  shall  have  K=  —=7; — -pr  =  1*15,  and  we   might 

r      boo 

assume  the  angle  of  rupture  6  =  60^  and  find  the  corres- 
ponding value  of  F,  and  then  make  5=01°  and  find  the 
corresponding  value  of  F  by  means  of  equation  (1),  and 
proceed  in  the  same  manner  as  at  pages  55  and  56,  until 
we  found  the  maximum  value  of  F ;  but,  by  Table  III. 
we  see  that  if  K=ri5,  the  corresponding  value  of  tlie 
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F' 
angle  of  rupture  is  ^=64°,  and  _  =  c  =  •  1 1895  in  the 

case  of  rotation. 

In  the  case  of  sUding  we  obtain  by  the  same  Table 
F 


r^ 


=06471. 


According  to  what  we  have  before  observed,  we  shall 
take  the  first  value  of  c  (it  being  greater  than  that  due  to 

sliding)  to  determine  the  thickness  of  the  abutments ;  by 

F 
substituting  in  (2)  the  values  K  =  1  •  1 5,  — -  =  c  =  '  1 1 895 

r 
and  7r=3'1416,  we  have 


-=-•3646  X -377  ^•01889+01044+13465, 

T 

hence  e=  1*75  feet  for  the  case  of  strict  ecjuihbrium. 
If  h  were  infinite,  the  equation  (2)  would  reduce  to 


-=  ^  2c  =  V  2  X  -11895;  hence  e  =  3-2  feet  for  the 

limit  of  the  thickness. 

If  we  wanted  the  practical  stability,  we  ought  to  sub- 
stitute r9  c  for  c  in  equation  (2).  Similarly  to  obtain 
the  limit  of  the  thickness  according  to  La  Hire,  we  must 

e 
r 


substitute  1*9  c  for  c  in  formula  -=  >/  2  c,  which  gives 


e  =  r  >/  3*8  c  =  4'34  feet  nearly. 

The  Table  III.  shows  that  for  values  of  K  less  than  1  35 

we  must  consider  in  our  calculation  the  thrust  due  to 

rotation,  since  it  exceeds  that  due  to  sliding,  and  we 

must  consider  the  latter  thrust  if  K  be  equal  or  greater 

than  1-35. 
If  in  the  above  example  we  want  the  thrust  due  to 
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-16391  K^ -•  15206=  0647.  •.F=  2- 785. 


) 


Arches  in  the  form  of  a  circular  arc  with  parallel   ex- 

irados. 

31.  Besides  the  data  necessary 
for  the  two  preceding  cases  we  must 
have  the  span  AB,  which  we  de- 
note by  L,  and  the  rise  CD, 
denoted  by/. 

Having  L  and  /  given,  we  shall  have,  in  order  to 
determine  the  radius  AE  or  r, 

and  the  angle  A  EC,  which  we  denote  by  a,  is  given  by 

the  equation 

L 

/ 
sm.  0=  - — Yi 

4    /"^ 
When  the  span  L  and  the  angle  a  are  given,  we  shall 

have  the  radius  r  by  the  formula  r  =  - — ; ,  and  / 

2  sm.  a 

from/=r  (1  —cos.  a),  r  being  known,  and  the  thickness 

AF,  we  shall  have  EF=R,  and  therefore  —  =  K.    The 

r 

Table  I.  relative  to  semicircular  arches  with  a  parallel 
extrados  will  give  the  angle  of  rupture  0.  It  may 
happen, — 1st.  That  this  angle  of  rupture  of  the  proposed 
arch,  considered  as  a  complete  semicircle,  is  smaller  than 
a  or  half  the  angle  at  the  centre ;  in  this  case  the  joint 
of  rupture  takes  place  between  A  and  C,  and  the  arch 
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ought  to  be  considered  relative  to  the  horizontal  thrust 
as  a  semicircular  arch,  and  the  Table  I.  will  give  the 

maximum  thrust  F'  =  cr^  or  c  =  — r.  As  for  the  thick- 
ness  of  the  abutments  it  will  be  found  by  the  equation 

r  h 

v(ifl*(K»-l)2.^-f2[c(K-co8.a)  +  i(K3-l)(l-cos.a)-J(K3-l) 

flsin.  a]-  +  2c> (4) 

The  limit  of  the  thrust  in  the  case  of  strict  equilibrium 
is  always  given  by  e  =  rv^  2  c=  v"  2  F;  that  is,  it  is 
always  equal  to  the  square  root  of  twice  the  horizontal 
thrust ;  and  the  stabiUty,  according  to  La  Hire,  is  given 
by  the  equation 

e=r^2xl-9  c  =  r  v^  3*8  c. 
As  an  example,  let  us  find  the  thickness  of  the  abut- 
ments of  an  arch  in  the  form  of  a  circular  arc  with  parallel 
extrados,  where  a  =  62°,  the  thickness  AF=2-23  feet, 
L=19-68  feet,  and  h=  1312  feet,  we  have 

r=— L_  =  -i?l^=lM45:/=r(l-cos.a)=ll-145(l--4695) 
2sm.a     2X-8829  "^        ^  ^  ^ 

=5-9124;  R=lM45  +  2-23=l3-375,5:=l£^=l-2=K, 

r      11145 

and  to  this  value  of  K  corresponds  the  angle  0=59°  41' 
(Table  L),  and  c='1114,  a  value  which  is  greater  than 
the  value  of  c  due  to  sliding ;  we  shall  therefore  employ 
c=*1114,  in  order  to  find  the  thickness  of  the  abut- 
ments.    We  shall  also  have  a  =  -^  .  — :: —  =  10821  ; 

70  2 

all  these  values  substituted  in  equation  (4)  give 

i= -20223 


I -7305.0 +1287~-2101  | '8425  + l>  c, 


-h-/ -0409 -1-2^  -7305.0 +1287~-2101 
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whence  e=  11  145  X  31  =3-45  when  the  equilibrium  is 
strict. 


The  limit   of  the  thickness   e  =  r  v^2  c=  11145  X 


^•2228  =  5-25  feet. 

For  the  stability  according  to  La  Hire  we  must  put 
1*9  c  for  c  in  the  above  formula,  and  we  shall  have 


-=-•20223  + 


r 
/ 


a/0.409  +  2  |'7305xl-9c-f  •1287--2101  j  x  8495  +  2 x  19  c, 

whence   e  =  r  X  '56  =  6-23   feet,  and  the  limit   c  =  r 
i/2  X  19  c  =7-25  feet. 

It  may  also  happen  that  the  angle  of  rupture  of  the 
proposed  arch,  considered  as  a  semicircle,  is  greater  than 
half  the  angle  at  the  centre  or  a,  which  usually  occurs  in 
practice;  then  the. rupture  takes  place  at  the  springings, 
and  the  thrust  is  given  in  this  case  by  the  equation 

^_F_i(K^-l)  asin.ar^-i  (K^-1)  (1-cos.a)  V 
r^  K— cos.  a 

Thus  L  and  /  being  given  we  have  the  ratio  - ,  and  the 

L 

/  . 

formula  sin.  a  =  — j-^ gives   a ;   having  a  sin.  a, 

COS.  a,  K  and  r,  we  obtain  c,  and  the  formula  (4)  will 
give  the  thickness  of  the  abutments. 

The  Table  IV.  of  M.  Petit  gives  the  thrust  for  those 
arches  whose  rise  /  is  the  4th,  5th,  6th,  7th,  10th,  and 
1 6th  part  of  the  span  L,  and  for  the  different  values  of 
K  ;  these  are  the  kinds  of  arches  most  in  use.  We  find 
also  in  these  Tables,  and  for  each  of  these  cases,  the 
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value  of  a,  and  that  of  r,  which  corresponds  with  it. 
Let  0  be  greater  or  less  than  a,  formula  (4)  must  be  used 
to  find  the  thickness  of  the  abutments;  only  if  5  be 
greater  than  a,  we  must  take  the  values  of  c  found  in 
Table  IV.;  and  if  5  be  less  than  a,  those  in  Table  I.  As 
an  example,  let  us  find  the  thickness  of  the  abutments  of 
an  arch  in  the  form  of  a  circular  arc  with  parallel  ex- 
trados,  where  the  angle  at  the  centre  =  70^  or  a  =  35°, 
and  where  the  span  L=49*2,  and  height   A=13'12, 

we  shall  have  a  =  —  .  =  '6109  ;  sin.  a  =  5735 

90         2 

nearly,  cos.  a  =  8191,/  =  r  (1  —cos.  a)  =  -1809  r  ; 
r--A_-    ^      •    L-M47r'  ^-^'^^^'*-6-34 

Let  us  also  suppose  the  thickness  of  the  arch  =  3*28 

feet,  R  =  r  +  3-28;  r=-i^  =  ^^  =  4289,   and 

1147        114/ 

Table  I.  gives  for  K  = — -=  1*076,  an  angle  of  rup- 
ture =49°48',  which  is  greater  than  the  angle  a ;  hence 
the  thrust  must  be  found  by  Table  IV.     Here  K=  1  076 

is  between  K=  1*07  and  K=  108  ;  and-^=  634  is  be- 
tween  -    =  6  and  —  =  7,  we  may  find  by  proportion 

the  value  of  c  =  - =04681. 

r 

With  this  value  and  the  others  given  above  we  must 

proceed  as  in  the  former  example,   and   by  means   of 

equation  (4)  determine  the  thickness  of  the  abutments 

for  a  strict  equilibrium.     And  for  the  stability  according 
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to  La  Hire  we  shall  find  the  limit  of  the  thickness  by 

the  formula  e  —  r^  38  c. 

It  still  remains  for  us  to  calculate  the  thrust  due  to 
sliding,  in  order  to  substitute  it  in  formula  (4),  in  the 
case  where  it  is  more  powerfiil  than  that  due  to  rotation. 

If  the  half  angle  at  the  centre,  or  a,  be  greater  than 

26°,  the  horizontal  thrust  due  to  sUding  is  calculated  by 

the  formula 

F  = -15304  (K^-1)  r^ 

If  the  half  angle  a  is  less  than  26°,  we  must  substitute  its 
value  instead  of  6  in  the  formula 

and  we  shall  have  the  thrust  due  to  sUding  on  the  joint 
at  the  springings.  A  horizontal  interUne  drawn  in  the 
colunms  indicates  for  all  the  Tables  the  value  of  K  where 
the  one  thrust  exceeds  the  other. 

Arches  in  the  form   of  a  circular   arc  with   horizontal 

extrados. 
32.  After  finding  the  radii  R  and  r  as  before,  and 
consequently  K,  by  the  formula 

6(K— cos.^)l       •■  V  /  J     \sm.  ^     cos.^J^/r 

we  must  find  the  angle  0  which  corresponds  to  the  maxi- 
mum thrust  by  proceeding  as  in  page  56.  If  it  be  less 
than  a,  or  half  the  angle  at  the  centre,  this  will  be  the 
angle  of  rupture,  and  the  corresponding  value  of  F  or 
Y  will  be  the  value  of  the  horizontal  thrust. 

If  the  angle  6,  which  answers  to  the  maximum  value 
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cxf  F,  is  greater  than  a,  we  must  put  a  instead  of  6  in  the 
above  formula.  We  must  find  the  maximum  thrust  due 
to  sliding  by  the  equation 

r*8in.  d 


G= 


JKMl-icos.^-i-^j, 
I  sm.  6\ 


tan.(d+<^) 

^  being  the  angle  of  fiiction  of  the  masonry.     M.  Petit 

takes  <^=3(f . 

The  greatest  value  of  F  or  G  must  be  substituted  in 

the  equation 

(JBi-^-h—r  cos.  a)  e^  +  (LR— ^  Lrcos.  a  —  r^  a)  e  +  L^ 

{\  R— 1^  T  cos.  a)— ^  Lr^  fl+f  Lr^a+f^  (1— cos.  a) 

=2^  (R+A— r  COS.  a)  in  order  to  obtain  e. 

F' 
We  need  only  observe  that  —  =  c  or  F=cr^,  and  that 

r 
c  is  given  by  the  Tables. 

We  may  proceed  to  the  formulae  of  Col.  Audoy  for 

the  calculation  of  other  arches. 


Formuhd  relating  to  flat  sweeps  of  three  circular  arcs  with 

extrados  parallel  to  the  intrados. 

33.  Let  the  angle  A'aS  (which  subtends  the  ^  arc  at  the 
summit) =d ;  let  a  be  the  thickness  of  the  arch,  or  A'  a, 


tie 


!A 
I 


"i 


/ 


I 


/ 


GG  THEORY    0;F 

R  the  radius  of  the  arc  at  the  crown,  r  the  radii  of  the 
arcs  at  the  springings,  A  the  spring,  or  the  height  of  the 
intrados  under  the  key-stone,  B  the  ^  of  the  span,  Z  the 
angle  mud  contained  by  the  supposed  joint  of  rupture  d  K 
and  the  vertical  passing  through  u  the  centre  of  the  small 
arc  at  the  springings,  h  and  e  the  height  and  thickness 
of  the  abutments,  S'  and  7/  the  surfaces  A'  S  R'  a\  and 
S  d  A'  R' ;  N'  and  L'  the  moments  of  these  surfaces  taken 
with  respect  to  the  verticals  A'  a  and  mu ;  M'  M''  the 
moments  of  these  surfaces  taken  with  respect  to  the 
point  d ;  F  the  value  of  the  horizontal  force ;  we  must 
employ  the  formulae 

N  =  {(M^^|(l^cos.^) 

L  =  |^''+^^'""^j(cos.  ^-cos.  Z) 

M  ={R-r  (1-sin.  Z)}S'-N';M' =rsin.  Z.  Z'-L', 

F=         M^+M" 

A  +  a  — r  COS.  Z' 

By  taking  for  Z  any  angle  greater  than  6,  we  may 
calculate  all  these  values,  and  have  the  value  of  F  cor- 
responding to  that  angle.  Similarly,  we  may  find  other 
values  of  F,  by  assuming  different  values  of  Z,  and  when 
we  have  obtained  Y  the  maximum  value  of  F,  we  must 
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mtt,  and  is  given  by  the  equation  N''=  -i       '    ^ ?- 

COS.  0. 

For  the  methods  of  describing  these  arches,  see 
"Papers  on  Bridges,"  pages  40  to  44. 

When  the  arcs  are 
6(f,  and  angle  FEC 
=30°,  then  sin.  30°= 
•5  and  FC=FE  sin. 
30P=iEF=i(R-r)  ^ 
or  R— •r=2FC,  but 
r  =  AC  — FC,  hence 
R=AC+FC. 

Consequently  we  have  in  this  case  the  radii ;  R=AC 
+FC  and  r=AC— FC  respectively. 

Let  us  give  an  example  in  which  AC  =  30  feet  or  10 
yards,  CD=4^  feet  or  1^  yards,  and  the  height  of  the 
pier=  12  feet  or  4  yards,  also  C  D=f  A  C,  and  since  FEC 

=30°=^;  sin.  30=5;  ^=?2  .  ?:llll£= -5236 ;  BC 

90         2 

=f  .  10=6f ;  and  by  '*  Papers  on  Bridges,"  (page  43,) 

FC=^y"^B  -  A)  =  4-55342  ;  R=AC  +  FC  = 

14-55342;  r=AC-FC=5-44658. 

Substituting  these  values  in  the  above  formulae,  we 
have  S'=  1201871;  N'=47-ll;  Z'=y-295  (Z--5236) ; 

L'=57-878  (-866-008.  Z) ;  M"=5-44658  sin.  Z|  9-295 
(Z--5236)} -57-878  (-866-cos.  Z). 

M'=r  1 10-5-44658(1 -sin.  Z)j  1201871 -4711, 
A+a— rcos.Z=8-16666-5-44658cos.  Z. 
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Let  Z=45° 

Z=  l^.§lIii?=-7854;  COS.  Z=sm.Z= -7071 ;  M'=53-9, 

M"=166,  A+o-rcos.  Z=4-3154 

F=      M^+M"      - 12-5286. 
A+a— »"COS.Z. 

If  Z=46°, 
Z'=2-5951640,  L'=9-897138,  M"=-269902, 
M'= 54-6968742,  A+o-rcos.  Z=4-38,  F=  12-54. 

If  Z=47°, 
Z'=2-7578265,  L'=  10-651 114706,  M"= -33 1474387, 
M' = 55-49 1 28068545732366, 
A+o-rcos.  Z=4-452156901194,  F=12-5383. 

Here  the  greatest  value  of  F  found  is  therefore  F=  12*54 
=F,  and  corresponds  to  the  angle  of  rupture  Z=46°. 

For  the  thickness  of  the  piers  in  the  case  of  strict 
equilibrium  we  must  substitute  the  different  terms  in 
formula  (5) 

or  A=4,  5=-5236,  cos.  ^=-866, 7r.=31416  ;  F=12-54, 
o  =  l-5,A=6-666,  S'=  12-01871,  B=  10,  r=  544658, 
N'=4711,  S"=  9-73372,  N"=  50-12235,  then 


e=— 5-4431-  i/67-92718=2-8. 

To  find  the  practical  thickness  we  must  increase  the 
value  of  F  by  H) ;  before  we  introduce  it  in  the  formula 
(5),  we  should  have  substituted  in  that  formula  12+54 
+  1^  X  12-54=23-83  instead  of  12-54,  and  the  resulting 
value  would  be  that  which  must  be  given  to  the  thickness 
of  the  piers,  in  order  that  they  may  be  able  to  resist  any 
accidental  causes. 
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I     0 


FormuUe  relating  to  fiat  sweeps^  described  with  three  arcs 

of  a  circle  with  horizontal  extrados, 

34.  Let  R  be  the  radius  of  the  arc  at  the  crown,  r  the 

radius  of  the  arc  at  - k//?^ 

the  springings,  e  the 
thickness  B^K  at  the 
springings^a  the  thick- 
ness of  the  arch  at  the 
key-stone,  0  the  angle 
AaSj  Z  the  supposed 
angle  of  rupture,    S' 

and  Z'  the  surfaces  A  S  R  a'  and  S  d  /  R,  N'  and  L'  the 
moments  of  these  surfaces  with  respect  to  the  verticals 
A  a  and  m  u,  M'  and  M''  the  moments  of  these  surfaces 
with  respect  to  the  vertical  d  g,  M'''  the  moment  of  the 
surface  dhh'l  with  respect  to  the  vertical  dq^Y  the 
maximum  value  of  the  thrust  F.     The  formulae  are 

y_Rsin.  gf^  ^  .     .      T.         .1      R'^ 


/ 


{2(R  +  a)— Rcos.  0}  — 


N'= 


R'sm.*^,^  .    .     R^ 


(R+a)-^(l-cos.30); 


Z'=r(A+a)  (sin.Z-sin.^)— ^{Z+sin.  Zcos.  Z) 

—  (^+sin.  ^cos.  ^)}  ; 

L'=^  (A+fl)  (sin. *Z-sin.  ^6)—  -^(cos.  '^-cos.  'Z) 

M'=(B-r+rsin.  Z)  S'-N'; 
M"=rsin.  Z  .  Z'-U ;  M"'=a^  sin.  'L 

((A+a)— >"cos.  Z  _  a  cos.  Z"l 
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F=  MjfM  — M  rpj^g  equation  which  gives   the 

A-|-o— rcos.  Z 

thickness  e  is  e*  (^^)  +  F  +  P"  =  F  (A  +  a)  or  c* 

(^^)  +e  (S'+S")+BS'+rS"-  (N'+N")=F(A+a). 

S"  represents  the  surface  S  B'  b'  R,  which  is  found  by  the 
equation 

S"=r  (A+a)  (1  -sin.  ^  -  -^ C^"^  ~  ^^'  ^  «»•  «) ; 
N"  is  its  moment  with  respect  to  mu,  which  is 
^  (A  +  a)  (1  -sin.  '0)  _ll^!i!? ; 

P'  and  P"  the  moments  of  the  surfaces  ASRa'  and 
S  B'  6'  R  with  respect  to  H  &,  which  are  found  by  the 
equations 

Fzr  (e+B)  S -N' ;  P"=  (c+r)  S"-N". 
If  the  thickness  of  the  piers  of  an  arch  =  e,  the  height 
=  A,  the  equation  of  equiUbrium  is 


e^ 


=F(A+a+A). 


Formula  for  Plate  Bandes. 

35.  In  these  arches  the  joints  cannot  be  perpendicular 

to  the  intrados;    they  are  so  constructed  that  all  the 

joints  produced  meet  in  the  same  point,  (see  page  29). 

Retaining  the  same  notation  as  at  page  28, 

J.    3a2-i^tan.2^        , 
F= ,  and 


e^ 


(^)  +  eXtXa+^=Fia  +  h). 
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It  is  usual  to  construct  an  equilateral  triangle  upon 
the  whole  breadth,  which  finds  0  the  common  centre 
of  all  the  joints.      In    this   case  we   have   6  =  30° ; 

tan.  d=-L  and  F===.ll— L. 
i/3  18 

Let  a =3*5  yards,  <=*8  yard,  and  A  =  3  yards,  and 
p_9X(3'5)^-C8)^_g.QQQ^  and  e2+l-47e=9-6  .-.  e 

lo 

=2*445  for  the  case  of  strict  equilibrium.  To  obtain 
the  practical  thickness  we  must  proceed  as  in  page  68. 

36.  In  concluding  this  part  we  may  remark  that  the 
investigation  of  many  other  valuable  formulae  is  given  in 
the  Memoir  of  M.M.  Lam^  and  Clapeyron,  nearly  the 
same  as  we  have  given  from  M.M.  Petit  and  Audoy. 

They  determine  the  position  of  the  point  of  rupture 
of  the  spherical  extradossed  dome  of  the  church  of  St. 
Isaac  at  Petersburg,  whose  radii  of  intrados  and  extrados 
are  32  and  34  feet  respectively,  which  give  for  the 
thickness  of  the  dome  the  ^^  part  of  the  interior 
diameter,  and  they  find  that  this  point  is  68°  18'  from 
the  key,  or,  which  is  the  same,  21°  42'  from  the 
springings. 

In  the  supplement  they  give  an  investigation  relative 
to  circular  cyUndrical  arches  with  horizontal  extrados,  as 
follows : 

Retaining  the  same  notation  as  at  pages  43  and  44, 

ma     3Rr28m.2^-r»8m.2dco8.d-r3{3^sm.d-2(l-cos.^)}        .  . 
— ^ *" ._  .  .   .   (a) 

h  6(R— rcos.d) 

Differentiating  the  second  member  of  this  equation  for  6, 

R 
and  putting  the  result  equal  to  nothing,  making   —  =  K 
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and  -: — -  =  z,  we  have  the  maximum  of  --— , 
sm.  0  h 

3jj(1-Kco8.^)H-2cos.8^-6Kco8.2^H-3(2K2-|-1)co8.^=:3(K  +  2)    (Jb) 

Calculating  in  the  same  manner  as  at  page  46,  we 
obtain  the  arc  corresponding  to  the  point  of  rupture  for 

R 

each  particular  value  of  K  or  — ,  and  this  substituted  in 

T 

equation  (a),  will  give  the  maximum  value  of  —-. 

h 

They  also  deduce  the  following  beautiful  property,  viz. 

the  point  of  rupture  in  an  arch  is  that  for  which  the 

tangent  to  the  intrados  at  this  point  cuts  the  horizontal 

line  passing  through  the  summit  of  the  key  at  the  same 

point  as  the  vertical  passing  through  the  centre  of  gravity 

of  the  mass  which  tends  to  separate  itself.     The  point  of 

rupture  being  known,  -—  is  then  equal  to  the  mass  m 

divided  by  the  tangent  of  the  angle  which  the  line 
touching  the  intrados  at  the  point  of  rupture  makes 
with  the  horizon. 

They  further  proceed  to  examine  if  there  do  not 
exist  curves  which  give  a  constant  moment  of  stability, 
and  find  that  this  condition  cannot  be  satisfied  throughout 
the  whole  arch,  but  it  may  be  so  for  a  portion  of  the  arch. 

For  as  -=-  is  constant  in  the  same  arch,  they  try  if 

— -  can  be  so  too,  and  find  two  different  cases :  in  the 
h 

first,  the   thickness  of  the  arch  must  be  =  0,   in   the 

second,  the  height  of  the  key  must  =  0,  neither  of  which 

is  admissible ; — thus  the  moment  of  stability  cannot  be 

constant  for  the  whole  extent  of  the  same  arch. 
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Tablb  I. — Semidreular  arches  in  which  the  extradoa  is  parallel 

to  the  intrados. 


Valneof 
the  ratio 

Angle  of 

Katio  of  the  thrust  C  to  the 

square  of  the  radius  r  of 

intrados. 

Ratio  x^2c  of  the  limit  of 
the  tliickness  of  the  piers 
to  the  radius  of  intrados. 

r 

rupture. 

For  the  case 
of  rotation. 

For  the  case 
of  sliding. 

Strict 
equilibrium. 

Equilibrium 

according  to 

La  llire. 

2-732 

O^OO' 

000000 

0-98923 

»> 

»» 

2-70 

13  42 

000211 

0-96262 

ff 

tr 

2-65 

22  00 

000319 

0-92168 

»» 

>> 

2-60 

27  30 

000809 

0-88151 

yt 

t* 

2-50 

35  52 

002283 

0-80346 

>» 

»» 

2-40 

42     6 

004109 

0-72847 

»> 

ft 

2*30 

46  47 

006835 

0-65654 

»» 

»» 

2-20 

51     4 

008648 

0-58767 

ft 

tf 

210 

54  27 

010926 

0-52186 

tt 

»» 

200 

57  17 

013017 

0-45912 

0-9582 

1-3223 

1-90 

59  37 

0-14813 

0-39943 

0-8938 

1-23-20 

1-80 

61  24 

016373 

0-34281 

0-8280 

1-1414 

1-70 

62  53 

0-17180 

0-28924 

0-7606 

1  0484 

1-60 

63  49 

017517 

0-23874 

0-6910 

0-9525 

1-59 

63  52 

0-17533 

0-23386 

0-6839 

0-9427 

1-58 

63  55 

0-17535 

0-22901 

0-6768 

0-9329 

1-57 

63  58 

017524 

0-22434 

0-6698 

0-9-233 

1-56 

64     1 

0-17499 

0-21940 

0-6624 

0-9131 

1-55 

64     3 

017478 

0-21464 

0-6552 

0-9031 

1-54 

64     5 

0-17445 

0-20991 

0-6479 

0-8931 

1-53 

64     7 

017397 

0-20521 

0-6406 

0-8831 

1-52 

64     8 

017352 

0-20054 

0-6333 

0-8730 

1-51 

64     8 

017310 

0-19590 

0-6-259 

0-8628 

1-50 

64     9 

017254 

019130 

0-6185 

0-8527 

1-49 

64     8 

0-17180 

0-18673 

06111 

0-8424 

1-48 

64     8 

0-17095 

0-18218 

0G036 

0-83-20 

1-47 

64     7 

0-17008 

017766 

0-5961 

0-8216 

1-46 

64     6 

01C915 

0-17318 

0-5885 

0-8112 

1-45 

64     5 

0-16798 

016872 

0-5809 

0-8007 

1-44 

64     3 

0-16683 

0-16430 

0-5776 

0-7962 

1-43 

64  00 

0-16568 

015991 

0-5756 

0-7934 

1-42 

63  56 

0-16448 

0-15555 

0-5735 

0-7906 

1-41 

63  52 

016317 

0-15122 

0-5713 

0-7874 

1-40 

63  48 

0-1 61 67 

014691 

0-5686 

0-7S38 

1-39 

63  43 

01 601 4 

0- 14264 

0-5659 

0-7801 

THKOBT   OF 


lUHoofthethniffClotbe 

Ratia  v'Scofthe  limit  of 

Vmlue  of 

tqutrcof  thcndioirof 

thethickneuofthepien 

the  ratio 

Angle  of 
ni|.ture. 

intredol. 

lother»diuiirfintr»d«». 

K=  — 

For  the  cue 
ofroUtion. 

For  tbe  ewe 
aftUOii^. 

Strict 
equilibrium. 

according  to 
La  Hire. 

1-36 

63=38' 

0-15845 

0-13841 

0-5629 

0-7760 

1-37 

C3  32 

015672 

013420 

0-5598 

0-7717 

1-36 

63  26 

0-15482 

013002 

0-5564 

0-7670 

1-35 

63  19 

0-15287 

012587 

0-5529 

0-7622 

1-34 

63  10 

015096 

0-12176 

0-5495 

0-7574 

1-33 

63   10 

0- 14896 

011767 

0-5458 

0-7524 

1-32 

62  50 

0-14678 

0-11362 

0-5418 

0-7468 

1-31 

62  33 

0  14510 

0- 10959 

0-5387 

0-7425 

130 

62  14 

0  14330 

0-10559 

0-5353 

0  7379 

1-29 

62     9 

0  14013 

010163 

0-5294 

0-7297 

1-28 

62     3 

013691 

009770 

0-5233 

0-7213 

1-27 

61  47 

013430 

0-09379 

0-5183 

0-7144 

1-26 

CI   30 

013157 

008992 

0-5130 

0-7071 

1-25 

61    15 

012847 

008608 

0-5069 

0-6987 

1-24 

61      1 

0-12516 

0-08227 

0-5003 

0-6896 

1-23 

60  40 

0-12201 

0-07849 

0-4940 

0-6309 

1-22 

60  19 

0-11887 

0-07474 

0-4876 

0-6721 

1-21 

60  00 

0-11516 

0-07102 

0-4799 

0-6615 

1-20 

59  41 

0-11140 

0-06733 

0-4720 

0-6504 

1  19 

59   10 

010791 

0-06368 

0-4646 

0-6404 

118 

58  40 

0- 104 17 

0-06005 

0-4564 

06292 

117 

58     9 

0-10021 

005646 

0-4472 

0-6171 

lie 

57  40 

0-09593 

0-05289 

0-4380 

0-6038 

115 

57     1 

0-09176 

0-04935 

0-4284 

0-5905 

1-14 

56  23 

008729 

0-04585 

0-4178 

0-5759 

113 

55  45 

0-08254 

0-04237 

0-4063 

0-5601 

1-12 

54  48 

0-07789 

0-03984 

0-3947 

0-5444 

Ml 

54   10 

0-07273 

003552 

0-3814 

0-5259 

110 

53  15 

0-0G754 

003213 

0-3675 

0-5066 

roD 

52  14 

0-06177 

0-03879 

108 

51     7 

0-05C49 

0-02546 

107 

49  48 

0-05065 

0-02217 

„ 

lOG 

48  18 

0-04435 

0-01891 

1-05 

4C  32 

003813 

0-01568 

„ 

104 

44     4 

003139 

0-01241) 

„ 

1-03 

41     4 

0-02459 

0-00932 

„ 

102 

38    12 

0-01691 

0-00618 

.. 

1-01 

32  36 

0-0(ISS9 

0-00308 

„ 

1-00 

0  00 

O-OIHHX) 

000000 
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Table  II. — Semicircular  arches  with  parallel  extrados. — Table 

of  the  thickness  of  the  piers. 


Valneof 
thenfcio 


Ratio  ~  of  the  thickness  of  the  piers  to  the  radius  of  intra- 

r 

mm 

do*  as  a  fonctioii  of  the  ratio  —  of  radius  to  the  height  of 
the  piers.    (For  strict  equihbrium.) 


2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


•00 
•90 
•80 
•70 
•60 
•59 
•58 
•57 
•56 
•55 
•54 
•53 
•52 
•51 
•50 
•49 
•48 


2-3562^  +  V 
h 

20449I  +  V 
h 

1-7593^ -hv' 
h 

r4844l+  ^/ 
h 

1-2252 1 -h  ^/ 
h 

1-2001^ +  ^/ 
h 

l•1752I  +  ^/ 
h 

115131  +  ^/ 
h 

l•126lI  +  ^/ 
h 

MOIS^-I-  V 
h 

h 

1^0531 -^-h  V 
h 

1-0292^-1-  V 
h 

100731 -h  a/ 
h 

■0-9817^-f  a/ 
h 

0-95831  +  V 
h 

-0-9349  -  -I-  a/ 
h 


5-5517^  +  1-7907^  +09182) 
h^  h 

4-2021  ^  +  l-32404  +0*7988) 
hr  h 

3-0951  ^+0-9368-  +06856) 
h^  h 

2-2034  ^+0-6933  -  +05785) 

tr  h 

1-5012 !f  +0-3775  L  +04775) 
h^  h 

1^4404  Zf +0-3566-  +0*4677) 
h^  h 

1-3812!^ +0-3361  -  +0*4580) 
h^  h 

1-3255  {^+0*3151-  +0*4487) 
h"  h 

1-2677!^ +0*2966-  +0*4388) 
h^  h 

1-2133^+0-2783  -  +0*4293) 
h^  h 

1-1605^^+0*260311  +0*4198) 
h"  h 

1-1091  1^+0-2428-  +0*4104) 
h"  h 

1*0592!^ +0*2224 1  +0-4011) 
A-  h 

1*0146  ^^  +0*2056  -  +0-3918) 
h"  h 

0*9638!^ +0*1937-  +0-38*26) 

0-9184^^+0*1684-  +0*3735) 
K^  h 

0-8741  !r+()lG59-  +0-3644) 
h"  h 
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Value  of 
the  ratio 


•47 
•46 
•45 
•44 
•43 
•42 
•41 
•40 
•39 
•38 
•37 
•36 
•35 
•34 
•33 
•32 
•31 
•30 
1-29 


I 
1 
I 
I 
1 
1 
I 
I 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 


Ratio  —  ofthethickiiewoftbepicn  totlleracfi■aofiIltrB- 
dos  as  t  function  of  the  ratio—  of  radius  to  the  height  of 
the  pien.    (For  strict  equiUbriom.) 


091254 
©•8887  I 

n 

08659  I 

n 

08432  I 
h 

0-8206-^ 
07983  (^ 

a 

07760^ 
h 

07540 1 
h 

0-7321  f 
h 

07103!! 

h 

0^6887  L 
h 

06673  4^ 


-0-64601 
h 

-0-6-249- 
h 

-0-6050^ 
h 

-0-5831  - 


0-5624  L 
h 

0-5419  - 
h 

0-5216- 
h 


H- ^/ (08328  ^-h  0-1482 1 

-h^/ (0-7899^ -HO- 1362^ 

-h>/ (0-7498  ^+01232 1 

+  V' (0-7110  ^+01181 1 

+  >•  (0-6735^+0-1153  4 

-h  >/ (0-6372  ^-f  0-1143  4 
fr  k 

-h^/ (0-6023  ^,+0^1 102 1 

-h  a/ (0-5685  ^,+0^1074  4^ 
h'  h 

+  A/(0-5359^,-h01048l 
h'  h 

-h  a/ (05045  ^-h 01021  4 

-h  a/ (0-4743  ^+0^0995  I 
h'  h 

•> 

+  v/  (0-4452  ^,  -h  0-0969  - 
h'  h 

-hv/ (0-41 73^1 +0-0944 1 
h'  h 

•> 

-h  v/  (0-3904  r  +0-09-26  - 
h'  h 

•> 

+  V  (0-3660  ^  +00903  - 
h'  h 

+  x/ (0-3400  p,+ 0-0880- 

•> 

+  n/ (0-3163  ^+0-08751 
h-  h 

+  x/ (0-2937 'I +  00867- 

•> 

+  x^  (0-27-JO  ^+00828  - 
h-  h 


+0-3553) 
+0-3464) 
+0-3374) 
+0-3337) 
+0-3314) 
+0-3290) 
+0-3263) 
+  0-3233) 
+0-3203) 
+  0-3169) 
+  0-3134) 
+  0-3096) 
+  0-3057) 
+  0-3019) 
+  0-2979) 
+  0-2936) 
+  0-290-2) 
+  0-2866) 
+  0-2803) 
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Valneof 
thentio 

Batio  —  of  the  thickness  of  the  piers  to  the  radius  of  intra- 
r 

dos  as  a  function  of  the  ratio  !-  of  radius  to  tlic  height  of 

w 

the  piers.     (For  strict  equilibrium.) 

1-28 

-0-5014  4^  H-  -v/  (0-2520  -,  +  00801  -  +0*2738) 
h                         hr                  h 

1-27 

-0-4926^  H-  V  (0-2426  ^  +  00778-^  +0*2686) 
h                            hr                    h 

1-26 

-0-4615  ^  +  V  (0-2130  ^,  +0*0755  -  +0*2631) 
h                        h"                  h 

1-25 

-0-4418  ^  +  V  (01952  -^  +0*0730  -  +0*2569) 
h                        hr                  h 

1-24 

-0-42221  +>•  (0*1 783 '^+007 13  11  +0*2503) 
h                          h^                  h 

1-23 

-0-4028  ^  +  >•  (01 623  ^,  +00684-  +0*2440) 
h                         h-                  h 

1-22 

-0-3836^  +>/ (0-1471  ^'+00674^  +0-2377) 
n                             hr                     h 

1-21 

-0-36451  +  >/  (0-1329  ^,+0-0641  L  +0*2303) 
h                           h^                   h 

1-20 

-0*3456  -^  +  a/  (0-1 194  ?!?  +0*0614  -  +0*2228) 
h                         h"                  h 

M9 

-0-32681  +  V  (0*1068  !! +0*0600-  +0*2158) 
h                          h-'                  h 

1-18 

-0-3082  4^  +  y/  (0*0950  -'+00581  -  +0*2083) 
a                          K^                  h 

117 

-0-2897  -^  +  >•  (0*0840  ^^  +  0*0561 1-  +0*2004) 
n                            h"                   h 

116 

-0-2714^  +  a/ (0-0734  ^,+0*0559-^  +0*1919) 
n                          h"                  h 

M5 

-0*2533 1  +  a/ (00642 '*1^  + 0*0536  ''  +0*1835) 
h                           h'                   h 

114 

-0-23534  -1-^^  (0-0554  ^,  +  0*05131  +0*174.)) 
h                          h'                  h 

113 

0 

-0*21754  +  a/ (0*0473  ^,  +  00490-  +01 651) 
h                           h'                   h 

112 

-0-1998  4  +  a/ (00399  ^  +  00467--  +01557) 
h                         h"                  h 

Ml 

-0-1823  4  ■»-  -^  (00332  ^,  +  00426  ^  +01455) 
h                           h-                   h 

110 

-0-1649  4  +  a/ (00272 '^,+00394  21  +0*1351) 
h                           h'                   h 

77 


78 
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Table  III. — Semicircular  arches  in  which  the  extrados  is  hori- 
zontal.— Table  of  the  angles  of  rupture^  of  the  thrusts,  and  tJie 
limit  of  the  thickness  of  the  piers. 


Ratio  C  of  the  thrust  to  the 

Ratio  of  the  limit  of  the 

Valae  of 
the  ratio 

Angle  of 
rupture. 

square  of  the  radius  r  of 
intrados. 

thickness  of  the  piers  to 
the  radius  r  of  intrados. 

K=  — 

r 

For 
rotation. 

For 
sliding. 

Strict 
equilibrium. 

StabiUty 

according  to 

La  Hire. 

2-00 

36^ 

005486 

0-50358 

1-0036 

1-3834 

90 

39 

007101 

0-43966 

0-9377 

1-2925 

80 

44 

0*08850 

0-37901 

0-8706 

1-2001 

70 

48 

01 0631 

0-32164 

0-80-20 

1-1055 

60 

52 

0-12300 

0-26755 

0-7315 

1-0082 

59 

52 

01 2453 

0-26232 

0-7243 

0-9984 

•58 

53 

01 2602 

0-25712 

0-7171 

0-9885 

57 

53 

0-12747 

0-25196 

0-7099 

0-9784 

•56 

54 

01 2837 

0-24683 

0-7026 

0-9684 

55 

54 

0- 13027 

0-24173 

0-6953 

09584 

54 

55 

013153 

0-23667 

0-6880 

0-9483 

53 

55 

0-13289 

0-23163 

0-6806 

0-9381 

•52 

55 

0-13414 

0-22664 

0-6732 

0-9280 

'51 

55 

013531 

0-22167 

0-6658 

0-9177 

•50 

56 

013648 

0-21673 

0-6583 

0-9075 

•49 

56 

0-13756 

0-21183 

0-6509 

0-8972 

•48 

56 

01 3856 

0-20696 

0-6433 

0-8868 

•47 

57 

0-13952 

0-20213 

0-6358 

0-8764 

•46 

57 

0-14041 

0-19733 

0-6282 

0-8659 

•45 

57 

014122 

0-19256 

0-6206 

0-8554 

44 

58 

0-14195 

018782 

0-6129 

0-8448 

•43 

58 

0-14268 

0-18312 

0-6052 

0-8341 

•42 

58 

014311 

01 7845 

0-5974 

0-8234 

•41 

59 

0-14376 

017381 

0-5896 

0-8126 

"40 

59 

0-14421 

0-16920 

0-5817 

0-8018 

'39 

59 

0-14456 

0-16463 

0-5738 

0-7909 

38 

59 

0-14481 

0-16009 

0-5658 

0-7799 

37 

60 

0-14498 

0-15558 

0-5578 

0-7689 

36 

60 

0-14506 

0-15111 

0-5497 

0-7577 
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Ratio  C  of  the  thnut  to  the 

Ratio  of  the  limit  of  the 

Value  of 
the  ratio 

r 

Angle  of 
mpttire. 

square  of  the  radius  r  of 
intrados. 

thickness  of  the  piers  to 
the  radius  r  of  intrados. 

For 
rotation. 

For 
sliding. 

Strict 
cqnilihrium. 

Stalnlity 

according  to 

La  Hire. 

1-35 

60° 

0-14504 

0-14666 

0-5416 

0-7465 

1-34 

60 

0-14491 

0-14225 

0-5383 

0-7420 

1-33 

61 

0-14467 

>> 

0-5379 

0-7414 

1-32 

61 

0-14460 

** 

0-5377 

0-7412 

1-31 

61 

0-14390  * 

>> 

0-5358 

0-7394 

1-30 

61 

014322 

012495 

0-5354 

0-7379 

1-29 

61 

014264 

t» 

0-5341 

0-7362 

1-28 

62 

0-14186 

*» 

0-53-26 

0-7342 

1-27 

62 

0-14101 

*> 

0-5310 

0-7320 

1-26 

62 

013988 

** 

0-5289 

0-7290 

1-25 

62 

013872 

010405 

0-5267 

0-7260 

1-24 

62 

0-13737 

>* 

0-5235 

0-7225 

1-23 

63 

0-13593 

»> 

0-5214 

0-7187 

1-22 

63 

013437 

>> 

0-5184 

0-7145 

1-21 

63 

0*13263 

>> 

0-5150 

0-7099 

1-20 

63 

0-13073 

0-08397 

0-5113 

0-7048 

1-19 

63 

0-12870 

»* 

0-5073 

0-6993 

118 

63 

012650 

»» 

0-5030 

0-6933 

1-17 

64 

0-12415 

$» 

0-4983 

0-6868 

116 

64 

012182 

»» 

0-493G 

0-6803 

115 

64 

0-11895 

0-06471 

0-4877 

0-6723 

114 

64 

011608 

>> 

0-4818 

0-6G41 

113 

64 

01 1303 

»9 

0-4755 

0-6553 

112 

64 

0-10979 

>» 

0-4886 

0-6459 

Ml 

65 

010641 

t> 

0-4G13 

0-6358 

MO 

65 

0-10279 

0-04627 

0-4535 

0-6249 

109 

66 

0-098992 

»> 

0-4449 

0-6133 

108 

66 

0094967 

t> 

0  4358 

0-6007 

107 

67 

0-091189 

»» 

0-4270 

0-5886 

106 

68 

0086376 

it 

0-4156 

0-5729 

105 

69 

0081755 

0-02865 

0-4044 

0-5573 

104 

70 

0-076857 

>> 

tt 

»» 

103 

71 

0-071853 

f* 

St 

»» 

102 

73 

0-066469 

»» 

ft 

»» 

101 

74 

0061324 

t» 

»» 

tt 

100 

75 

0-055472 

0-01185 

*  t 

It 

80 
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Table  IV. — Arches  in  the  form  of  an  arc  of  a  circle  with  parallel  cxtrados. 

Tables  of  thrusts  in  various  systems. 


Value  of 

RATIO  OF  THE  THRUST  TO  THE  SQUARE  OF  THE  RADIUS  OF  EXTRADOS. 

the  ratio 

System  where 

System  where 

Svstera  where 

System  where 

System  where 

System  where 

L=4/ 

L  =  5/ 

L-6/ 

L=7/ 

L  =  S/ 

L=  10/ 

r 

r=i/ 

r=  V/ 

r-5/ 

r=V/ 

r=  VV 

r=13/ 

a=53°7'30" 

a=43°36'10" 

a=36°52'10" 

a=3l053'26'' 

a  =  28O4'20" 

a=22°37'10" 

1-40 

015445 

014691 

014691 

014691 

014691 

0-14478 

1-35 

014717 

0-13030 

012587 

012587 

0-12587 

0*12405 

1-34 

014543 

0-12987 

012171 

012171 

0-12171 

011999 

1-33 

014364 

012781 

011767 

011767 

011767 

011596 

1-32 

014173 

0-12634 

0-11362 

0-11362 

0-11362 

011196 

1-31 

013975 

0-12486 

0-10959 

0-10959 

010959 

0-10800 

1-30 

0-13764 

012331 

010682 

010559 

0*10559 

0*10406 

1-29 

013543 

0-12164 

0-10563 

010163 

010163 

0*10016 

1-28 

013311 

0-11988 

0-10437 

0-09770 

0-09770 

009628 

1-27 

013068 

011803 

0-10304 

0-09379 

0-09379 

0-09244 

1-26 

012815 

011609 

010160 

0-08992 

0-08992 

0-08862 

1-25 

012547 

0-11402 

010009 

0-08668 

0*08608 

0*08483 

1-24 

012270 

0-11251 

0-09850 

008549 

0-08227 

0*08108 

1-23 

0-12031 

010958 

0-09679 

0-08423 

0-07849 

0-07735 

1-22 

0-11675 

010725 

009499 

0-08291 

0-07474 

007366 

1-21 

011354 

0-10460 

0-09305 

0-08148 

0-07102 

006999 

1-20 

011023 

010196 

009102 

0-07999 

0-06981 

006636 

119 

0-10676 

009915 

0-08885 

0-07834 

0-06859 

0*06275 

M8 

0-10313 

0-09617 

0-08653 

007651 

0-06727 

0-05918 

117 

0-09934 

0-09303 

0-08408 

0-07468 

0-06583 

005212 

116 

009537 

0-08975 

0-08144 

0-07264 

0-06420 

0-05004 

115 

009123 

0-08634 

0-07866 

0-07050 

006259 

0-04904 

114 

008690 

008257 

007568 

0-06812 

0-06077 

0-04803 

M3 

0-08238 

007869 

007251 

0-06558 

0-05890 

0-04671 

112 

0-07764 

007459 

0-06911 

0-06297 

0-05659 

0-04451 

Ml 

0-07269 

0-07042 

006548 

006026 

0-05421 

0-04384 

110 

006737 

0-06:)63 

006158 

005666 

005160 

0-04214 

109 

006211 

0-06077 

005739 

005345 

0-04871 

0-04023 

108 

0-05636 

005652 

005288 

004934 

0-04552 

003806 

107 

005052 

005011 

004804 

004426 

004200 

0-03560 

106 

004131 

0-04428 

004280 

004058 

0-03861 

0-03276 

105 

003776 

0-03804 

0-03709 

003550 

003357 

0-02944 

1-04 

003096 

003144 

0-03095 

0-02992 

0-02862 

0-02561 

103 

002378 

002437 

002124 

002369 

0-02293 

002131 

102 

001625 

0-01681 

001690 

001673 

001640 

0-01546 

101 

0-00834 

000871 

0-00886 

0-00889 

0-00885 

0-00862 
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GAUTHEY. 


I.  ON  THE  GENERAL  PRINCIPLES  THAT  OUGHT  TO 
REGULATE  THE  CONSTRUCTION  OF  BRIDGES,  AND 
DETERMINE  THE  DIMENSIONS  OF  THEIR  SEVERAL 
PARTS. 

Thb  principal  object  to  be  observed  in  forming  the  plan 
of  a  bridge,  is  to  give  a  suitable  and  convenient  aperture 
to  the  arches,  so  as  to  afford  a  free  vent  to  the  waters 
of  sudden  floods  or  inundations,  and  to  secure  the 
solidity  and  duration  of  the  edifice  by  a  skilful  con- 
struction. 

The  soUdity  of  a  bridge  depends  almost  entirely  on 
the  manner  in  which  its  foundations  are  laid.  When 
these  are  once  properly  arranged,  the  upper  part  may 
be  erected  either  with  simplicity  or  elegance,  without 
impairing  in  any  degree  the  durability  of  the  structure. 
Experience  has  proved  that  many  bridges  either  decay, 
or  are  swept  away  by  sudden  floods,  by  reason  of  the 
defective  mode  of  fixing  their  foundations,  while  very 
few  suflfer  from  an  unskilful  construction  of  the  piles 
or  arches.     This  latter  defect,  however,  is  easy  of  cor- 
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rection,  nor  is  it  difficult  to  prevent  the  consequences 
that  might  be  expected  from  it. 

It  is  to  be  observed,  that  ahnost  all  the  bridges  erected 
before  the  eighteenth  century  are  built  with  a  view  to 
economy,  both  with  respect  to  the  style  of  building, 
and  the  degree  of  breadth  allotted  to  them,  since  the 
most  considerable  scarcely  allow  room  for  two  carriages 
to  pass  abreast.  The  bridges  of  Paris  are  indeed,  for 
the  most  part,  very  wide ;  but  this  extent  has  been 
given  to  them  solely  with  a  view  to  erect  two  rows  of 
small  houses  on  their  sides-— a  circumstance  that  must 
have  naturally  produced  a  very  narrow  thoroughfare. 

In  most  of  the  old  bridges  in  France,  the  arches  are 
not  large ;  and,  with  the  exception  of  the  projections  and 
angles  of  the  walls,  which  are  of  free-stone,  the  rest  of 
the  building  consists  of  a  rough  kind  of  stone,  the  cost 
of  which  is  much  less ;  yet  these  bridges  are,  however, 
durable  and  lasting.  In  the  last  century  more  attention 
was  paid  to  elegance,  and  to  the  display  of  the  taste  and 
ingenuity  of  the  architect.  Even  at  a  distance  from  cities 
or  large  towns,  spacious  bridges  were  erected,  and  raised 
on  very  long  and  deep  sunk  arches,  the  bold  and  difficult 
construction  of  which  required  free-stone  of  great  size 
and  extraordinary  price.  The  consequence  has  been, 
that  these  beautiful  bridges  reflected  honour  on  France, 
and  inspired  foreigners  with  a  high  idea  of  the  perfection 
to  which  the  art  had  been  carried  ;  but  the  small  number 
of  the  grand  bridges  that  arose  from  this  system  has 
completely  absorbed  the  resources  that  the  government 
devoted  to  this  department,  and  obliged  it  to  neglect 
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bridges  that  were  on  roads  of  greater  importance,  and 
vicinities  of  superior  population,  which,  however,  would 
have  been  of  immense  utihty  to  the  general  interests  of 
commerce. 

It  is  an  indispensable  consideration  in  these  matters, 
to  make  a  distinction  between  the  different  species  of 
bridges  with  respect  to  their  size,  and  the  mode  of  their 
construction.  Such  as  are  built  on  roads  of  the  second 
or  third  class,  and  in  towns  of  no  great  extent,  ought 
not  to  be  formed  on  the  same  plan  as  the  bridges  over 
roads  more  frequented  by  foreigners,  or  situated  at  the 
entry,  or  in  the  interior  of  extensive  cities.  In  the 
former  class,  solidity  and  durabiUty  ought  to  be  kept 
in  view  ;  in  the  latter,  something  more  is  required  with 
respect  to  elegance  and  skill. 

By  the  adoption  of  these  principles,  the  real  interests 
of  the  government  will  be  secured,  and  its  resources 
will  not  be  squandered  on  useless  projects. 

In  the  projection  of  a  bridge  five  principal  points 
are  necessary  to  be  considered  :  1st,  the  choice  of  its 
position  or  locahty  ;  2nd,  the  vent,  or  egress  that  must 
be  allowed  to  the  river ;  3rd,  the  form  of  the  arches  ; 
4th,  the  size  of  the  arches  ;  5th,  the  breadth  of  the 
bridge.  Certain  rules  arising  from  the  local  circum- 
stances determine  the  nature  of  these  several  considera- 
tions ;  and  in  the  concocting  of  the  plan  nothing  sliould 
ever  be  left  to  chance  or  caprice. 

When  these  fundamental  positions  are  thus  laid  down 
and  determined,  nothing  remains  but  to  fix  the  particular 
dimensions  of  each  part,  the  solidity  of  the  arches,  and 
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that  of  the  piles  and  buttresses  ;  and  to  choose  the  mode 
of  foundation  best  to  be  observed,  and  the  nature  of  the 
materials  intended  for  the  construction  of  the  bridge. 
It  will,  however,  often  happen  that  these  latter  consi- 
derations will  operate  on  the  previous  determinations ; 
and  it  will  be  necessary,  in  order  to  come  to  a  definitive 
resolution,  to  combine  together  the  different  circum- 
stances of  locality,  and  have  them  all  present  to  the 
mmd  at  once. 

An  exact  knowledge  of  the  ground  or  locality  is 
indispensably  necessary  in  the  formation  of  the  plan. 
It  will  be  requisite  to  have  a  sketch  of  the  course  of 
the  river,  sufficiently  extensive  to  fiimish  an  idea  of  its 
general  nature,  the  changes  that  its  bed  may  have 
experienced,  or  such  as  may  subsequently  occur.  In 
cases  where  the  position  of  the  bridge  is  not  previously 
adopted,  the  plan  should  be  furnished  with  certain  data 
that  would  lead  to  a  selection  of  this  important  point. 
It  is  equally  necessary  to  ascertain  the  level  of  the 
stream,  in  order  to  discover  its  slope  ;  and  this  level 
ought  to  be  taken  during  the  different  seasons  of  the 
year,  that  a  due  judgment  may  be  formed  respecting 
the  variations  that  floods  might  occasion,  either  in  the 
slope  or  declivity,  or  in  the  mode  of  its  distribution. 

In  addition  to  the  various  sketches  that  may  be  drawn 
up  descriptive  of  the  length  of  the  river's  course,  others 
should  be  taken  across  its  bed,  so  as  to  determine  its 
breadth,  its  form,  and  the  depth  of  its  waters  at  the 
different  periods  of  the  year ;  and  it  is  especially  essential 
to  establish  two  fixed   points,  the  one    relative  to  the 
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lowest,  and  the  other  to  the  highest,  elevations  of  the 
water  which  have  been  observed.  These  elucidations 
will  be  usefiil  to  calculate  the  different  heights  of  the 
foundations  of  the  various  parts  of  the  bridge,  and  those 
of  the  arches,  as  well  as  the  steps  that  must  be  formed 
at  the  landing-places.  The  measure  of  the  velocity  of 
the  water  should  also  be  annexed  to  these  documents, 
and  this  is  particularly  important  at  the  period  of  sudden 
floods. 

The  plan  and  sections  of  the  course  of  the  stream, 
and  the  measure  of  its  velocity,  will  serve  to  determine 
the  position  of  the  bridge,  and  the  principal  dimensions 
of  its  parts.  But  in  order  to  ascertain  the  best  method 
of  forming  its  foundation,  the  nature  of  the  soil  on  which 
its  waters  flow  must  be  investigated,  which  knowledge 
will  be  derived  from  accurate  soundings  taken  at  dif- 
ferent parts,  and  at  proper  depths,  that  will  lead  to  an 
accurate  conclusion  on  this  point.  When  we  come  to 
treat  of  the  Foundation  of  Bridges,  the  proper  mode  of 
proceeding  with  respect  to  tliis  operation,  as  well  as  other 
necessary  points  of  information  on  the  same  subject,  will 
be  given. 

It  will  Ukewise  be  essentially  requisite  to  procure  exact 
authority  on  the  nature  and  value  of  the  materials  to  be 
employed,  on  the  possibihty  of  collecting  a  sufficient 
number  of  workmen  during  the  different  seasons  of  the 
year,  and  on  the  degree  of  talent  and  skill  that  tlicy  may 
possess.  The  architect  ought  carefully  to  collect  all 
these  materials  of  information,  since  thev  constitute  the 
primary  elements  of  the  plan  which  he  means  to  pursue. 
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ON  THE  CONSTRUCTION  OF  BRIDGES. 


II.  ON  THE  POSITION  OF  BRIDGES. 

The  spot  on  which  a  bridge  is  to  be  built  is  not  always 
at  the  disposal  of  the  constructor.  In  the  country  it 
is  usually  determined  by  the  direction  of  the  roads,  and 
in  the  interior  of  cities  by  the  position  of  the  streets,  or 
their  immediate  vicinities.  Nothing  then  is  left  to  the 
constructor  but  to  overcome  the  obstacles  which  nature 
opposes  to  him  in  the  quarter  which  is  consigned  to 
his  care. 

It  must  be  acknowledged,  however,  that  the  choice  of 
this  position  is  sometimes  arbitrary,  and  even  in  cities, 
where  it  is  intended  to  open  new  streets,  especially  when 
the  old  ones  are  too  narrow  and  intricate.  This  method 
has  been  adopted  at  Mantes,  Orleans,  Moulins,  &c. 
In  such  a  case  it  will  be  proper  to  erect  the  bridge  on 
the  most  solid  ground,  on  one  not  apt  to  shrink,  or  be 
wasted  by  the  force  of  the  current.  Rock  being  always 
the  best  basis  for  foundations,  it  may  be  allowable  some- 
times to  deviate  in  search  of  it  when  it  does  not  lie  too 
deep,  and  to  lengthen  the  road,  rather  than  expose  the 
solidity  and  duration  of  the  work  by  constructing  it  on 
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an  unsafe  soil.  But  it  is  clear  that  it  is  impossible  to 
lay  down  general  rules  on  this  point,  since  the  matter 
is  generally  decided  by  the  particular  circumstances  of 
the  case  ;  and  we  need  only  point  out  the  principal 
motives  by  which  the  position  of  the  bridge  ought  to  be 
regulated  and  determined. 

It  will  be  essentially  necessary  to  place  the  axis  of  the 
bridge  perpendicular  to  the  level  of  the  water,  so  that 
the  direction  of  the  current  shall  be  parallel  to  the  lateral 
faces  of  the  piles.  When  this  is  not  possible,  the  faces 
of  the  piles  are  inclined  relatively  to  the  axis  of  the 
bridge,  which  then  takes  the  name  of  oblique  or  sloping 
bridge.  A  construction  of  this  kind  must  be  adopted 
when  the  road  makes  an  angle  different  from  a  right  one 
with  the  course  of  the  river. 

This  species  of  bridge  is  generally  avoided,  principally 
when  it  has  many  arches,  on  account  of  the  difficulty 
of  this  construction ;  but  this  difficulty,  which  is  depen- 
dent on  mere  matters  of  detail,  is  far  from  deserving  the 
importance  usually  assigned  to  it.  No  reluctance  should 
ever  be  felt  to  build  a  bridge  of  this  stamp,  where  any 
inconvenience  or  irregularity  can  be  removed,  either  in 
the  direction  of  the  road,  or  the  ordinary  current  of  the 
stream. 


ON    THE    DISCHARGE    OF    THE    WATERS    FROM    BRIDGES. 

This  subject  is  one  of  great  importance  in  the  con- 
struction of  bridges,  as  it  operates  on  their  durability 
in  proportion  as  its  due  solution  is  either  more  or  less 
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exact.  This  problem,  however,  is  unfortunately  too  like 
all  those  which  are  connected  with  the  physico-mathe- 
matical  sciences,  as  we  are  obliged,  in  order  to  resolve 
it,  to  have  recourse  to  defective  data,  which  always  lead 
to  uncertainty  in  the  results  obtained  from  them,  until 
numerous  and  authenticated  experiments  shall  have 
removed  every  obscurity  on  the  subject. 

The  discharge  or  vent  that  .ought  to  be  allotted  to  a 
river,  is  less  difficult  to  settle  when  there  are  bridges 
in  its  vicinity,  built  on  the  same  stream.  In  that  case 
it  will  be  only  necessary  to  measure,  during  its  highest 
elevation,  the  section  of  the  river  at  the  passages  of  those 
bridges,  and  to  observe  the  velocity  of  the  water,  and 
the  fall  that  usually  arises  from  the  upper  part  of  the 
stream. 

By  means  of  conclusions  drawn  from  these  data,  we 
may  be  enabled  to  fix  the  vent  or  discharge  in  a  manner 
sufficiently  exact.  But  if  no  bridge  exists  either  above 
or  below  the  intended  construction,  we  must  only  refer, 
in  order  to  solve  this  problem,  to  the  rules  which  we 
shall  lay  down,  and  which  may  be  usefully  adopted  in 
all  cases,  even  though  they  should  present  nothing  more 
than  a  medium  of  verification.  The  question  of  the 
discharges  naturally  involves  two  other  points  of  in- 
quiry— 1st,  to  determine,  after  a  knowledge  of  the  bed 
of  the  river,  what  quantity  of  water  the  bridge  should 
let  pass  ;  2nd,  this  quantity  of  water  being  ascertained, 
to  fix  the  surface  or  extent  of  the  necessary  discharge. 
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On  the  manner  of  calculating  the  quantity  of  water  to 
which  the  bridge  should  afford  a  free  passage. 

It  is  evident  that  the  volume  of  water  discharged  by 
any  river  is  not  the  same  in  all  the  seasons  of  the  year. 
Not  only  is  it  less  considerable  in  summer  than  in 
winter,  but  all  rivers  are  subject  to  occasional  increases 
produced  by  temporary  and  profuse  showers  of  rain,  or 
by  the  melting  of  snow  or  ice.  The  discharge  of  a  river 
ought  therefore  to  be  extensive  enough  to  allow  not  only 
a  passage  to  the  mean  quantity  of  water  in  the  bed  of 
the  river,  but  also  to  afford  a  vent  to  the  surplus  quantity 
of  water  that  arises  from  floods  or  inundations  ;  and  it 
is  particularly,  by  paying  attention  to  this  latter  circum- 
stance, that  the  proper  dimensions  of  the  arches  can  be 
ascertained. 

This  quantity  of  water  seems  at  first  to  preserve  a 
regular  proportion  to  the  surface  of  the  ground  over 
which  it  runs,  and  approaches  the  point  where  the  in- 
tended bridge  is  to  be  erected.  This  supposition,  how- 
ever, will  lead  to  very  serious  errors.  In  fact,  it  has 
been  observed  that  the  quantity  of  water  that  falls  during 
the  same  year  is  very  different  in  different  places  ;  and 
moreover,  the  nature  and  the  incUnations  of  the  ground 
that  receives  it,  has  much  influence  on  the  manner  in 
which  it  discharges  itself  with  more  or  less  velocity,  or 
penetrates  the  earth  to  a  greater  or  lesser  depth.  Besides, 
it  is  easy  to  see  that  it  is  not  so  much  the  quantity  of 
water  that  falls  during  the  whole  year,  as  that  which 
proceeds  from  heavy  rains,  or  the  melting  of  snow,  that 
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ought  to  be  taken  into  calculation^  as  these  produce 
frequently  an  extraordinary  increase.  However,  if  in 
many  respects  this  consideration  does  not  merit  much 
attention,  it  ought  not  to  be  entirely  neglected  ;  it 
may  afibrd  room  for  many  useful  speculations,  that  may 
be  applied  to  places  in  the  vicinity  of  each  other,  and 
where  the  inclination  and  nature  of  the  ground  may  be 
nearly  similar. 

There  is  another  circumstance  well  deserving  of  atten- 
tion, which  is,  that  of  the  time  in  which  the  surplus 
water  arising  from  a  flood  takes  to  discharge  itself  along 
the  bed  of  the  river,  or  the  velocity  with  whidi  this 
discharge  is  made.  It  is  well  known  that  this  degree 
of  velocity  depends,  in  a  great  measure,  on  the  slope 
of  the  river ;  and  as  this  slope  diminishes  regularly  in 
proportion  as  it  recedes  from  its  source,  it  follows  that 
the  same  mass  of  water  which  flows  rapidly  in  the  vicinity 
of  the  mountains  where  the  river  takes  its  rise,  and  where 
it  is  still  a  torrent,  will  proceed  with  greater  slowness 
during  the  rest  of  its  course,  as  it  advances  towards  the 
sea,  or  to  the  river  into  which  it  is  discharged.  Thus, 
admitting  that  it  does  not  receive  any  considerable  aj91ux, 
and  that  its  bed  is  generally  level,  if  two  bridges  are 
built  on  this  same  river,  it  will  be  necessary  to  give  to 
the  bridge  that  shall  be  nearer  to  the  fomitain-head  a 
wider  extent  of  discharge  than  to  the  other ;  since  they 
must  both  afford  a  vent  to  the  same  increase  of  stream, 
which  will  take  two  days  to  clear  off  in  the  former  case, 
and  eight  days  in  the  latter. 

It  is  laid  down  as  a  rule,  that  in  order  to  calculate  the 


BRIDGES.  11 

quantity  of  water  that  flows  in  a  river,  it  will  be  neces- 
sary to  multiply  the  surface  of  the  section  by  the  mean 
velocity  of  the  current.  The  first  of  these  elements  of 
calculation  is  always  easy  to  be  ascertained  with  sufficient 
precision,  but  that  is  not  the  case  with  the  second.  We 
are  obUged  to  deduce  it  by  means  of  an  approximation 
to  the  velocity  of  some  of  the  particles  of  the  water  of 
which  the  river  is  composed,  and  more  particularly  of 
the  velocity  observed  in  the  surface,  as  well  as  the  middle 
of  the  stream. 

Amidst  the  numerous  experiments  made  by  Dubuat 
on  the  motion  of  fluids,  we  find  some  which  have  for 
their  object  to  determine  the  proportion  of  the  velocity 
on  the  surface  with  that  at  the  bottom  of  the  current, 
and  its  mean  velocity.  From  these  experiments  he  has 
deduced  a  formula  with  a  sufficient  degree  of  approxi- 
mation ;  for  putting  V  for  the  velocity  at  the  surface, 
and  U  for  the  mean  velocity,  he  finds  this  equation, 

U  =  (V*-  iw)^  +  iw, 

this  last  letter  being  constantly  =  0°'02707  ;  and  to 
express  the  proportion  between  the  velocity  on  the  sur- 
face and  that  at  the  bottom,  calling  the  latter  W,  he 
finds 

W=:(V*-  Wl)^ 

These  two  formulae  are  used  by  him  to  calculate  the 
table  that  gives  the  estimate  of  the  velocity  at  the 
bottom,  and  that  of  the  mean  velocity,  proportionally 
to  the  velocity  on  the  surface,  from 
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M.  de  Prony  took  up  the  subject  after  him,*  and 
observed  that  the  formulae  of  Dubuat  were  in  several 
cases  at  variance  with  the  results  of  experience.  For 
supposing  in  the  second  V  =  0,  we  have  W  =  w, 
from  which  it  follows  that  the  velocity  at  the  surface 
being  nothing,  the  velocity  of  the  under  stream  would 
be  equal  to  0"027,  a  conclusion  that  cannot  be  ad- 
mitted. If  in  the  first  formula  we  make  V  =  0,  a  finite 
value  will  be  found  for  U,  which  also  does  not  agree  with 
the  phenomena  which  Nature  regularly  presents.  It 
necessarily  follows  that  the  relation  estabUshed  between 
U  and  V,  must  give  at  the  same  time  U  =  0  and  V  =  0, 
or  U  =  00  and  V  =  oo  . 

M.  de  Prony  having  laboured  to  find  out  a  formula 
in  accordance  with  both  these  conditions,  makes  choice 
of  an  equation  of  this  kind, 

V  +  6     ' 

and  the  values  of  the  invariable  quantities  a  and  b  beinj 
determined  by  seventeen  experiments  of  Dubuat,  mad 
on  the  values  of  V,  which  varied  from  V  =  0"15  ^ 

*"  'nethod   of  correctins:  the  anomali 
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U  =  XJ^^  2-37187) 
V+~315312  * 

This  formula  has  the  advantage  of  representing  with 
more  fidelity,  than  that  of  Dubuat,  the  results  of  his  own 
experiments,  besides  being  in  accordance  with  the  phe- 
nomena in  question,  when  considered  in  their  proper 
bounds.     M.  de  Prony  remarks,  that  from  V  =  0,  to 

V  =  3  metres,  the  proportion        *"  [^    flo^o  ^^  evidently 

equal  to  0*82  ;  and  as  practical  cases  are  confined  within 
these  limits,  the  following  formula  will  be  found  suffi- 
ciently exact : 

U  =  0*82.  V,  or,  which  is  nearly  the  same,  U  =  f  V. 

This  is  the  total  amount  of  all  that  theory  and  experi- 
ment have  hitherto  discovered  as  the  means  of  ascertain- 
ing the  amount  of  the  mean  velocity  of  a  course  of  water 
by  means  of  the  velocity  of  the  surface  and  the  current ; 
but  something  more  is  necessary  to  be  observed  respecting 
the  manner  in  which  the  results  we  have  explained  may 
be  appUed  to  use. 

The  experiments  of  Dubuat  have  been  made  on  arti- 
ficial canals,  the  section  of  which  was  a  rectangle  or  a 
trapezium,  and  in  which  the  depth  of  the  water  varied 
from  54  miUimetres  to  27  centimetres.  The  results 
of  these  experiments  must  therefore  be  viewed  with  some 
reserve,  and  cannot  be  judiciously  applied  to  the  beds 
of  rivers,  as  the  nature  of  the  motions  of  fluids  is  not 
sufficiently  known  to  us  as  yet,  so  as  to  enable  us  to 
conclude  on  this  point  from  small  to  great  in  a  manner 
sufficiently   accurate.      Moreover,    the    experiments    on 
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which  the  preceding  formula  is  founded  seem  to  indicate 
that  the  relations  which  exist  between  the  three  vdo- 
cities^  Vy  Uy  and  W,  are  independent  of  the  size  and 
figure  of  the  bed  of  the  stream  ;  and  these  relations 
seemed  not  to  undergo  any  sensible  change,  where  the 
breadth  of  the  bed  was  six  or  seven  times  greater  than 
its  depth.' 

It  is  therefore  difficult,  as  M.  de  Prony  observes,  to 
persuade  ourselves  that  these  different  elements  have  no 
influence  on  the  relative  values  of  V,  U,  and  W ;  and 
experiments  made  on  a  larger  scale,  by  throwing  a  new 
light  on  the  subject,  will  compel  us  to  have  recourse 
to  the  conclusion  already  drawn  from  former  obser- 
vations.^ 


1  Doboat,  Friocipes  d'Hydraulique,  tome  i.  p.  96. 

'  The  aathor  of  these  notes  has  published  m  the  sixth  volume  of  the 
Memoirs  of  the  Academy  of  Sciences,  the  result  of  his  inquiries  on  the 
motion  of  fluids,  and  has  principally  applied  them  to  what  is  usually 
styled  linear  movement,  that  is  to  say,  in  the  case  where  the  fluid 
moves  in  a  rectilinear  bed,  according  to  lines  drawn  parallel  to  the 
axis  of  the  bed.  It  follows  from  these  inquiries,  with  regard  to 
the  question  which  we  now  investigate,  that  whatever  may  be  the 
figure  of  the  transverse  section,  the  mean  velocity,  and  the  greatest 
degree  of  swiftness  which  takes  place  at  the  surface  and  the  middle 
of  the  stream,  tend  to  an  equality  between  themselves,  in  propor- 
tion as  the  dimensions  of  the  bed  become  greater  or  less.  Besides, 
the  proportion  between  these  two  degrees  of  velocity  is  indepen- 
dent of  their  absolute  value.  If,  in  a  rectangular  bed,  the  horizontal 
breadth  is  supposed  to  be  extremely  wide,  and  the  vertical  depth  of 
the  water  extremely  smaU,  the  mean  velocity  will  be  about  0*64  of  the 
greater.  If  both  the  dimensions  of  the  rectang^ar  bed  be  extremely 
large,  the  proportion  becomes  nearly  0*41.     The  formulae  present  the 
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At  the  period  of  great  floods,  which  it  is  necessary  to 
choose,  in  order  to  arrive  at  the  knowledge  of  the  ele- 
ments of  calculation  for  the  quantity  of  water  w  hich  is 
discharged  by  the  river,  the  banks  are  overflowed,  and 
the  water  spreads  on  both  sides  to  a  great  extent,  and 
flows  very  slowly  ;  while  at  the  same  time  it  moves  with 
great  rapidity  in  the  middle  of  the  current.  It  is  highly 
probable  that  great  errors  would  arise  in  such  cases  as 
these,  from  the  adoption  of  tlie  mode  of  calculation 
already  laid  down. 

We  must  therefore  select,  if  possible,  a  spot  where  the 
waters  of  the  river  are  enclosed,  or  where,  during  floods, 
the  overflowing  is  not  considerable.  The  section  of  the 
stream's  velocity  at  the  passage  of  a  bridge  might  also  be 
safely  taken,  should  it  happen  that  there  might  be  a 
bridge  in  the  vicinity  of  the  locaUty  selected  for  the 
intended  erection. 

It  is  obvious  that  the  methods  which  we  have  hitherto 
employed  to  obtain  directly  the  amount  of  the  mean 
velocity  of  a  river,  are  defective,  and  liable  to  lead  to 
errors  more  or  less  considerable.     As  a  certain  analogy 

means  of  calculating  the  values  of  this  proportion  for  various  beds, 
the  transverse  sections  of  which  might  happen  to  be  semicircles  or 
rectangles. 

Besides,  experience  proves  that  the  actual  laws  relative  to  the  motion 
of  water  in  the  beds  of  rivers,  or  in  tubes,  differ  from  those  of  Hnear 
motion ;  and  the  onlv  case  in  which  Nature  realizes  the  hitter  hiws,  is 
where  fluids  move  in  rectihnear  tubes  of  a  very  small  diameter.  The 
results  immediately  deduced  from  observation,  are,  in  the  ])resent  case, 
alone  deserving  of  attention. 
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must  exist  between  the  section,  the  slope,  and  the  vdo- 
city  of  a  current,  and  as  it  is  always  possible  to  measure 
the  slope  and  the  section,  the  value  of  the  velocity  might 
be  naturally  ascertained,  if  this  analogy  were  sufficiently 
known.  In  the  work  which  we  have  already  quoted, 
M.  de  Prony  has  deduced  it  from  a  variety  of  experi- 
ments, and  has  arrived  at  the  equation 

U  =  -  00719  +  •  0006163  +  3232-96  RI, 

in  which  U  being  alwajrs  the  mean  velocity  of  the  cur- 
rent, R  will  represent  the  mean  radius,  that  is,  the  area 
of  the  section  divided  by  that  part  of  the  periphery  of 
this  section  which  belongs  to  the  solid  in  which  the 
fluid  flows ;  and  I  represents  the  slope  or  declivity  per 
metre.* 


^  Subseqaently  to  the  experiments  of  M.  de  Prony,  M.  Eytehrdn 
has  published,  in  the  Memoirs  of  the  Academy  of  Berlin,  the  resnlt 
of  some  new  experiments,  by  which  he  has  laid  down  a  formula  like 
the  preceding,  the  coefficients  of  which  have  values  dissimilar  in  some 
respects.     This  formula,  taking  the  metre  for  linear  imity,  is 


U  =  -  003319  +  V  0001 1016  +  273566  RI. 

The  experiments  which  served  to  determine  the  coefficients  compre- 
hended values  from  2  to  3™  for  the  velocity,  while  those  values  in  the 
experiments  made  by  M.  de  Prony  did  not  exceed  0"*88.  The  for- 
mula of  M.  de  Prony  agrees  at  least  as  well  as  that  of  M.  Eytelwein 
with  the  experiment  for  the  smaU  velocities,  but  it  appears  rather 
defective  with  respect  to  the  greater  ones. 

M.  de  Prony  had  given,  for  the  motion  of  water  in  tubes,  the  ex- 
pression 

U  =  -  002488  -h  V  0^0006l92T'287r43"Rr 

This  agrees  better  than  that  which  is  quoted  in  the  text  with  the  experi- 


BRIDGES.  17 

This  equation  will  give  the  value  of  the  mean  velocity 
with  sufficient  exactness  in  every  application,  but  it  is 
necessary  to  remark  that  it  proceeds  essentially  on  the 
supposition  that  the  extent  of  the  section  of  the  river, 
and  the  value  of  the  declivity,  are  sensibly  the  same  on 
a  sufficient  degree  of  length,  so  that  the  mean  velocity 
therein  may  be  regarded  as  uniform  and  regular  ;  and 
it  is  requisite  to  pay  attention  to  this  consideration, 
whenever  this  formula  is  applied. 

On  the  manner  of  fixing  the  outlet,   or  discharge,   with 
reference  to  the  mass  of  water  in  the  river. 

The  dimensions  of  the  beds  of  rivers  are  generally 
uniform  and  similar.  But  with  the  exception  of  parti- 
cular cases,  in  which  they  flow  through  sandy  soils  that 
yield  with  so  much  facility  to  the  action  of  the  water, 
that  the  current  may,  at  every  increase,  stray  into  dif- 
ferent places,  there  is  a  certain  equilibrium  estabUshed 
in  every  point  of  the  course  of  the  stream,  between  the 
action  employed  by  the  waters  on  the  stone  work,  and  the 
tenacity  of  the  materials  of  which  the  bed  is  composed  ; 
and  in  virtue  of  this  equilibrium  no  very  remarkable 
changes  take  place  either  in  the  extent  or  the  form  of 

ments  in  what  the  value  of  the  velocitv  is  above  one  metre,  vet  it 
leads  to  results  of  rather  an  equivocal  nature.  See  the  work  entitled 
Recveil  de  cinq  tables  pour  faciliter  et  ahreger  les  caJculs  rclatifs  an 
mouvement  des  eaux,  &c.,  published  by  M.  de  Prony  in  September, 
1825.  The  memoirs  of  M.  Eytelwein  have  been  translated,  and  printed 
in  the  Journal  des  Mines,  tome  xii.  1826. 
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bed,  which  constantly  preserves  the  same  ordinary 
ure.     But  if,  from  the  operation  of  any  cause  what- 
er,   the  force  with   which    the   water   tends  to  wear 
e  bottom  and  the  banks  of  its  bed   should   be   aug- 
lented,    the   bed   will   be   forced  to  enlarge    itself  till 
he  equilibrium  shall  be  established  afresh,  unless  the 
sides   are   composed    of  matter    that   presents   a   more 
considerable  resistance  than  the  force  with  which  they 
are  assailed.     If,  on  the  contrarj,  the  velocity  of  the 
river    should    have    experienced  a  diminution,    its    bed 
w^ould   be    raised    up    by    successive    deposits,    till   the 
extent   of   the   section   would  become   such   as   to  re- 
sume, with  the  resistance  of  the  bottom,  the  propor- 
tions marked  by  nature  for  the  steadiness  of  the  river's 
course. 

It  results  from  these  principles,  that  if  the  breadth 
of  a  river  were  diminished  by  works  erected  on  its  bed, 
its  velocity  would  be  increased,  and  it  would  form  a  slack 
water  and  a  decUvity,  or  shoot ;  the  water  would  react 
on  tlic  bottom,  and  the  bed  would  deepen  till  the  enlarge- 
ment of  the  section,  combined  with  the  increase  of  the 
velocity,  would  be  capable  of  making  an  equivalent  for 
the  diminution  of  the  breadth  of  the  river,  and  till  this 
velocity  should  find  itself  in  equilibrium  with  tlie  re- 
sistance at  the  bottom.  If,  on  the  contrar)',  an  attempt 
shoukl  be  made  to  increase  the  breadth  of  the  bed,  the 
velocity  would  be  checked,  and  the  bed  would  have  a 
'  *^^  be  choked  up. 
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velocity  which  the  waters  will  assume  under  the  arches  ; 
but  this  degree  of  velocity  must  not  be  augmented,  to 
compel  the  current  to  react  against  the  bottom  of  the 
river,  and  undermine  the  foundations  of  the  piles  and 
buttresses.  Neither  should  it  be  sensibly  diminished, 
because,  in  that  case,  the  length  of  the  bridge  would  be 
increased  to  no  useful  purpose,  and  tliis  diminution 
would  occasion  deposits  that  might  be  dangerous  in 
the  end. 

There  are,  nevertheless,  some  distinctions  to  be  made 
with  regard  to  the  nature  of  the  soil  of  which  the  bottom 
of  the  bed  is  formed.  If  it  sliould  be  extremely  compact 
and  tenacious,  and  approach  the  nature  of  rock,  it  will 
not  yield  sensibly  to  the  action  of  the  w^ater  ;  and  what- 
ever may  then  be  its  velocity,  no  apprehensions  need  be 
entertained  that  the  bridge  will  break  down.  The  only 
thing  to  be  observed  here,  is,  that  the  waters  cannot 
assume  a  great  velocity  without  producing  in  the  upper 
stream  a  slack  water,  more  or  less  considerable,  and 
which,  in  cases  where  the  outlet  would  be  extremely 
confined,  might  produce  inundations  in  the  upper  part 
of  the  river,  and  render  its  navigation  difficult  and  dan- 
gerous. If  the  bottom  is  composed  of  matter  that  the 
water  can  easily  master,  care  must  be  taken  not  to  per- 
mit the  velocity  to  be  sensibly  increased  ;  in  short,  if 
the  soil  yields  to  the  action  of  the  water  with  so  nuKJi 
facility  as  to  produce  fears  that  during  a  flood  the  current 
would  force  its  way  under  some  of  the  arches,  and  pene- 
trate   the    bottom,   while  it    would    dej)osit   sand   under 
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others,  this  wquld  lead  to  the  necessity  of  constractiiig 
a  general  frame  of  timber ;  then  the  bottom,  offering 
in  every  direction  the  same  resistance  to  the  action  of 
the  current,  would  oblige  it  to  assume  a  r^ular  course, 
and  distribute  itself  equally  over  the  whole  breadth  of 
the  river.  As  long  as  this  frame  should  exist,  no  appre- 
hensions need  be  entertained  that  any  of  the  piles  will 
be  undermined. 

It  is  evident,  frt)m  the  preceding  remarks,  that  the 
velocity  which  the  water  may  take  under  the  bridge 
ought,  in  all  cases,  to  be  determined  beforehand,  either 
frt)m  the  nature  of  the  soil  which  composes  the  bottom 
of  the  river,  or  from  the  elevation  of  the  slack  wat»  ixc 
eddies  formed  in  the  upper  stream,  on  which  the  value 
of  this  velocity  depends ;  and  as  the  quantity  of  water 
impelled  by  the  river  is  likewise  known,  the  superficial 
extent  of  the  outlet  which  the  bridge  shall  have  may  be 
immediately  established.  The  question  is,  therefore, 
reduced  to  the  following  problem  :  the  section  of  the 
bed  of»a  river,  and  the  velocity  of  the  stream,  being 
given,  to  determine  the  mean  velocity  which  the  current 
shall  acquire,  and  the  elevation  of  the  slack  water  or 
eddies,  on  the  supposition  that  the  bed  is  narrowed  by 
the  construction  of  the  piers. 

This  problem  is  not  susceptible  of  a  rigorous  solution, 
but  we  shall  show,  by  neglecting  some  circumstances, 
the  effects  of  which  are  not  very  sensible,  and  which 
compensate  one  another  in  a  great  measure,  and  by 
following  the  example  of  Dubuat,  we  shall  obtain  an 
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approximate  solution  which  may  be  employed  to  great 
advantage  in  cases  of  this  kind. 

Suppose   ACDB   to  represent  the  lateral  face  of  a 
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pile,  and  GEF  the  natural  inclination  of  the  river  be- 
fore the  construction  of  the  bridge.  As  the  current  is 
confined  within  the  interval  EF,  the  velocity,  and  conse- 
quently the  inclination  of  the  river,  will  be  in  that  part 
more  considerable,  and  the  siuface  of  the  water,  omitting 
the  particular  resistances  produced  by  the  starlings,  will 
take  a  direction  that  may  be  represented  by  the  line  IF. 
This  surface,  in  the  upper  stream,  will  necessarily  rise 
above  the  point  I,  and  we  designate  it  by  the  line  HK, 
which  is  sensibly  horizontal  to  a  length  of  no  great 
extent. 

Let  us  call 

/2,  the  natural  section  of  the  river ; 

o),  the  area  of  the  section  after  the  construction  of 
the  bridge,  or  the  extent  of  the  outlet ; 

V,  the  mean  velocity  of  the  water  ; 

r,  the  mean  velocity  of  the  water  imder  the  arches, 
after  the  construction  of  the  bridge  ; 

I,  the  inclination  of  the  river  in  metres  ; 


we  snail  men  nave  r  =  —  v,  snice,   m  any 

velocities  are  in  the  inverse  ratio  of  the  area  o 
responding  sections  ;  and  the  heights,  due  to  the 
V  and  r,  will  be  represented  by 

—  and . 

2g  «^  2g 

The  part  IK  of  the  elevation  of  the  sh 
which  corresponds  with  the  augmentation  of 
citv,  will  be 

and  as,  by  reason  of  the  contraction  generally 
liy  tlie  current  at  the  passage  of  a  bridge,  tlie 
is  diminished,  we  rephice  in  this  expression  1 
1)V  1)1(0,  desic^natiniz:  by  m  a  coefficient,  the  yalu( 
depends  princii)ally  on  the  size  of  the  piles,  ; 
on  the  form  of  the  starlimrs  and  the  formati 
arches.     We  shall  then  have 

It  will  now  be  necxssary  to  find  the  \d\ 
iiidiaation,  which  will  be  found  bvthc  leni^th  ol 
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proportion  to  the  corresponding  velocities,  we  shall  have 
for  the  value  of  the  new  inclination 


si 


m^oy^ 


Thus  the  part  of  the  elevation  of  the  slack  water 
which  arises  from  the  increase  of  the  inclination  under 
the  arches  of  the  bridge  will  be  represented  by 


and  we  shall  then  have 


V^  .    t\   /  n' 


E.  +  .K  =  H=(V_+»,)(-^-,) 

for  the  elevation  which  the  waters  of  the  river  assume  in 
the  upper  stream,  since  their  level  must  remain  the  same 
in  the  lower. 

In  order  to  apply  the  result  which  w^e  have  obtained, 
it  will  be  sufficient  to  put  in  the  place  of  V  the  expres- 
sion V  — ,  and  to  give  afterwards  to  v  the  value  that  is 

determined  beforehand,  after  the  principles  laid  down 
above  for  the  velocity  which  the  waters  ought  to  take 
under  the  bridge. 

With  respect  to  the  value  of  the  coefficient  m,  we  are 
far  from  being  able  to  determine  it  with  a  desirable  de- 
gree of  exactness.  The  experiments  made  relative  to 
this  matter  have  been  performed  on  orifices  excavated  in 
walls  of  different  thickness,  to  which  tubes  were  some- 
times annexed,  through  which  the  water  flowed  away 
under  a  pressure  of  greater  or  less  force.     Besides,  the 
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dimendons  of  these  orifices,  even  according  to  experi- 
ments made  on  a  large  scale>  are  not  to  be  compared 
with  those  of  the  arches  of  a  bridge,  and  the  dream- 
stances  of  the  vent  or  discharge  are  different  fix)m  those 
that  take  place  in  the  case  that  occupies  our  attention. 

It  will  be  afterwards  seen,  when  we  investigate  the 
most  advantageous  form  to  be  given  to  the  iMxurlings  of 
the  piles  of  bridges,  that  this  form  has  a  very  sensible 
influence,  as  well  as  the  thickness  of  the  pile,  on  the 
contraction  that  takes  place,  and  by  which  the  natural 
flow  of  the  river  is  modified  when  it  comes  in  contact 
with  the  bridge.  The  value  of  the  coefficient  m,  as  we 
have  observed  before,  depends  principally  on  the  form 
of  the  starlings,  and  the  projections  of  the  arches,  when 
they  are  sunk  imder  the  water.  We  cannot  assign 
with  sufficient  exactness  that  which  it  ought  to  assume 
in  difierent  cases,  but  we  shall  not  be  &r  fix)m  the  truth 
in  supposing  m  =  0*95  when  the  piles  terminate  in  a 
semicircle,  or  in  acute  angles  ;  m  =  0*90  when  they 
terminate  in  obtuse  angles ;  m  =  0*85  when  they  ter- 
minate in  right  angles,  supposing  the  arches  to  be  wide. 
In  the  most  disadvantageous  cases,  that  is,  in  the  case 
•of  small  arches,  and  where  the  projections  of  the  arches 
are  sunk  in  the  water,  the  value  of  the  coefficient  m 
will  perhaps  be  about  0*7.  By  putting  in  the  preceding 
equation  for  H  and  v  their  values  found  fix)m  the  nature 
of  the  soil  and  other  local  circumstances,  it  will  be  easy 
to  deduce  that  of  the  proportion  of  the  two  sections  « 
and  il. 

In  order  to  determine  beforehand  the  elevation  of  the 
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slack  water  that  may  be  formed  in  the  stream  above 
the  bridge,  it  will  be  requisite  to  anticipate  the  changes 
that  may  arise  in  the  elevation  of  the  waters  of  the  river, 
and  the  inundations  resulting  from  it  that  may  overflow 
the  banks.  According  to  the  principles  laid  dow^n  by 
Dubuat,  it  is  generally  admitted  that  the  surface  of  the 
water,  which,  previous  to  the  construction  of  the  bridge, 
and  on  the  hypothesis  of  a  uniform  incUnation,  has  a 
manifest  tendency  towards  an  inclined  plane,  becomes, 
after  its  construction,  a  concave  surface,  which  comes 
into  contact  with  the  primitive  surface  where  the  rising  of 
the  water  ceases.  This  author  has  even  given  rules  for  the 
calculation  of  the  slack  water,  on  the  supposition  that  the 
section  of  this  surface  would  form  an  arc  of  a  circle  of 
great  magnitude.  But  on  these  investigations  we  cannot 
place  implicit  reliance.  When  the  figure  of  the  bed  of  a 
river  is  irregular,  and  presents  considerable  variations  in 
the  decUvity  of  the  bottom  and  its  breadth,  where,  in  the 
event  of  a  flood,  a  part  of  the  waters  flow  slowly,  and  on 
inundated  banks,  the  exact  determination  of  the  figure 
assumed  by  the  surface  of  the  fluid  cannot  be  obtained. 
But  we  can  arrive  at  it  with  a  sufficient  approximation 
when  the  bed  of  the  river  is  regular,  and  the  motion  of 
the  water  proceeds  in  a  uniform  manner.  M.  Belanger, 
engineer  of  roads  and  bridges,  has  furnished  a  calculation 
in  the  following  manner  for  this  particular  object.  Let 
us  call  s  a  length  computed  on  the  bottom  of  the  bed,  in 
the  direction  of  the  stream ;  h  the  vertical  height  of  the 
transverse  section  of  the  current ;  &>  the  area  of  this  sec- 
tion, corresponding  to  the  height  // ;  x  the  extent  of  the 
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sectioii  «)  taken  at  the  surfece  of  the  mter ;  R  the 
mean  radius ;  f  the  inclination  of  the  bottom  of  the  bed, 
which  is  supposed  to  be  unifonn ;  Q  the  volmne  of  water 
discharged  by  the  river  in  a  second;  atid  we  have  the 
equation 


=/ 


s=i   I  dh 


1  /000002427  ^  -h  O-O00«666  ^  W  • 


in  which  the  metre  and  the  sexagesunal  second  are  taken 
for  unities  of  length  and  time,  and  in  which  g  represents 
the  velocity  O'^'SOO,  generated  by  gravity  in  one  second. 
All  the  quantities  comprised  imder  the  ^goi  /  may  be 
estimated  as  a  function  of  the  devaition  of  ft  in  the 
section.  In  calculating  the  value  of  the  intend  indi* 
cated  by  this  sign,  setting  out  from  the  highest  value 
of  h,  which  takes  place  at  the  point  of  the  rising  of  the 
stream,  that  is,  immediatdy  in  the  wake  of  the  Infii^ 
tm  we  arrive  at  any  fixed  value  whatsoever,  which  may 
be  intermediate  between  the  foregoing  and  the  natural 
value  of  the  section,  the  result  will  give  the  length  com- 
prised between  the  part  of  the  stream  above  the  bridge; 
and  the  section  to  which  this  second  value  of  h  belongs. 
We  may  thus  arrive  at  the  knowledge  of  the  relations 
between  the  given  elevations  of  the  sections,  and  the 
distances  from  the  bridge  where  these  elevations  take 
place,  and  consequently,  of  the  figure  of  the  fluid's  sur- 
face throughout  the  whole  extent  of  the  slack  water. 
This  extent  is  usually  prolonged,  to  speak  rigorously,  to 
an  infinite  distance,  but  the  rising  of  the  stream  ceases 
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to  be  evident  at  a  limited  distance.*  Besides,  the  for- 
mation of  slack  water  at  the  upper  part  of  a  bridge 
must  occasion  difficulties  either  with  respect  to  the  soli- 
dity of  the  structure,  or  the  obstacles  opposed  to  the 
navigation  of  the  river  ;  it  ought  therefore  to  be 
diminished  by  every  possible  means. 

It  has  been  observed  above,  that  it  is  dangerous  to 
give  a  river  too  wide  an  outlet,  because  in  this  case  it 
might  give  rise  to  masses  of  alluvion,  which,  acquiring  in 
time  consistency  enough  to  resist  the  action  of  the  cur- 
rent, would,  during  floods,  force  the  waters  to  pass  under 
the  arches  that  are  less  exposed  to  this  obstacle,  and 
occasion  the  piles  to  be  undermined.  For  a  similar 
reason,  a  bridge  ought  not  to  be  composed  of  two  parts 
separated  by  an  island,  as  it  is  probable  that  one  of  the 
parts  having  been  choked  up,  the  whole  current  would 
be  forced  to  flow  to  the  other,  which  would  lead  to  the 
destruction  of  the  bridge.  It  was  by  an  accident  of 
this  kind  that  the  bridges  of  Chazey  and  Roanne  were 
swept  away.  It  may  be  additionally  remarked,  that 
bridges,  in  general,  are  never  destroyed  unless  by  some 
error  in  the  outlet,  and  that  ultimately  too  great  a  dimi- 
nution of  the  section  is  always  the  cause  of  their  ruin, 
either  when  a  sufficient  length  has  not  been  allowed  to 
the  bridge  in  the  first  instance,  or,  on  the  contrary,  where 
a  too  considerable  one  has  been  given. 

All  the  elements  for  calculating  the  area  of  the  outlet 

^  It  will  be  necessary,  on  this  su1)ject,  to  consult  n  publication  by 
M.  Belanger  in  1818,  entitled  "  An  Es.<cii/  ua  the  /lanirrirai  solution 
of  certain  problems  relating  to  t/tc  pvrnuimn/  mo/ ion  of  nauiifNj  icitfcrs.'' 
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ought  to  be  assumed  at  the  period  of  great  floods,  and  it 
is  according  to  the  quantity  of  water  discharged  at  that 
time  that  this  area  should  be  determined.  It  must  be 
obsen'ed,  however,  that  it  is  expedient  to  arrange  the 
arches  (in  rivers  susceptible  of  this  method)  in  such  a 
manner  that,  during  the  lowest  state  of  the  current, 
there  should  be  the  depth  of  one  metre  under  some  of 
them,  so  that  the  navigation  of  the  river  shall  not  be 
impeded.  It  will  be  always  possible  to  combine  the 
different  conditions  of  which  the  size  and  form  of  the 
arches  may  admit,  and  to  arrive,  in  each  particxilar  case, 
at  the  best  solution  of  the  problem. 

The  preceding  notions  are  easily  apphcable  to  the 
bridge  now  building  over  the  Durance,  at  Bonpas.  Tliis 
bridge,  which  is  of  wood,  is  built  between  two  mounds 
at  a  distance  of  534  metres  from  each  other.  The 
breadth  of  the  river,  at  low  water,  is  only  1 1 0  metres, 
and  its  mean  depth  1°"30.  But,  during  floods,  the 
Btream  rises  to  3  metres,  and  then  the  surface  of  the 
outlet  is  1530  square  metres. 

As  the  bed  of  the  river  is  not  confined,  and  its  breadth 
is  considerable  relatively  to  its  depth,  it  was  difficult  to 
ascertain  its  mean  velocity  with  any  degree  of  exact- 
ness. But  at  the  distance  of  about  4  myriametres  above 
Bonpas,  the  Durance  passes  between  two  rocks,  in  shal- 
low water,  that  are  distant  180"  from'  each  other.  The 
elevation  of  the  stream,  at  this  spot,  has  been  observed 
during  considerable  floods,  and  has  been  found  to  be  : 

1st,  That  the  river  having  2°'44  of  reduced  depth,  its 
mean  velocity  was  l^'QS  a  second. 
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2nd,  That  when  the  river  had  2°** 92  of  reduced  depth, 
the  mean  velocity  was  2*"*44  a  second. 

3rd,  That  at  the  period  of  great  floods,  the  depth  of 
the  water  was  4"*87,  and  its  mean  velocity  4^*12.  Thus, 
in  the  latter  case,  which  is  most  worthy  of  observation, 
the  discharge  of  the  river  is  from  180  X  4"^'87  X  4°^- 12  = 
3612  cubic  metres  a  second. 

As  the  distance  between  Mirabeau  and  Bonpas  is  not 
considerable,  and  the  river  receives,  between  these  two 
points,  only  some  streamlets  or  torrents  of  no  magnitude, 
there  cannot  be  any  great  difference  between  the  quantity 
of  water  that  flows  to  both.  But  we  may  determine  this 
difference  by  approximation,  by  comparing  the  surfaces 
of  the  basins  that  supply  water  to  Mirabeau  and  Bonpas, 
where  we  shall  find  that  the  latter  surpasses  the  other  by 
^Q.  Thus,  at  Bonpas,  a  volume  of  water  passes  in  a 
second  equal  to  3838  cubic  metres,  which,  in  a  section  of 
1530  square  metres,  gives  a  mean  velocity  of  2"''51. 
Though  the  bridge  is  built  of  wood,  it  does  not  diminish, 
but  in  a  slight  degree,  the  superficies  of  the  outlet ;  and  it 
is  observable  that  the  velocity  of  2"''51  a  second,  which 
corresponds  with  an  elevation  of  the  water  of  more  than 
3"  in  the  bed  of  the  river,  scarcely  surpasses  2"'*44,  the 
velocity  which  the  river  naturally  takes  at  Mirabeau  for 
an  elevation  of  2°''92.  Thus  the  mean  velocity  at  Bon- 
pas is  less  considerable  than  in  other  parts  of  the  river's 
course,  and  its  waters  move  with  great  facility. 

The  outlet  of  the  Rhone  at  the  bridge  of  St.  Esprit  is 
nearly  3580  square  metres,  that  is  to  say,  a  little  more  tlian 
double  that  of  the  Durance  at  Bon])as,  while  the  suj)er- 
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ficies  of  the  basins  that  supply  the  Rh6ne  at  St.  Esprit 
is  five  times  greater  than  that  of  the  basins  that  supply 
the  Durance  at  Bonpas.  Thus,  though  the  velocity  of 
the  Rhone  is  very  considerable  under  the  arches  of  the 
bridge  of  St.  Esprit,  yet  it  appears  that  the  velocity 
ascribed  to  the  Durance  at  Bonpas  is  too  great.  But 
it  will  be  observed  that  the  latter  river,  at  Bonpas,  at 
no  more  than  25  myriametres  from  its  source,  is  still  a 
torrent,  while  the  Rhone,  at  St.  Esprit,  is  no  longer  so. 

It  is  therefore  a  very  essential  point,  in  determming 
the  vent  or  outlet  of  bridges,  to  distinguish  rivers  from 
torrents,  and  to  bestow  strict  attention  on  the  super- 
ficies of  the  basins,  the  nature  of  the  soil,  and  the  time 
which  the  water  takes  to  pass.  It  may  happen,  as  w^e 
have  observed  before,  that  it  is  necessary  to  construct 
a  brid2:e  of  irreater  extent  at  a  short  distance  from  the 
river's  source  than  at  a  place  more  remote  from  it, 
though  it  may  have  received  many  accessory  streams 
in  the  interval. 


III.   ON  THE  FORM   OF  THE  ARCHES. 

The  arclies  of  l)ridgcs  arc  divided,  with  respect  to 
their  form,  into  three  principal  kinds,  viz.  :  arches  of  a 
full  semicircle,  described  by  half  of  the  circumference  ; 
arches  of  a  flat  vault,  usually  descril)ed  by  several  arcs 
of  a  circk^  of  diHerent  radii,  the  Ibnn  of  which  is  nearly 
similar  to  a  senu-ellii)se  ;  and  aiclics  of  a  circular  kind, 
which  are  formed  from  arclies  of  irreater  or  less  mai:;- 
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Semicircular  arches  were  anciently  most  in  use.  There 
are  but  few  ancient  bridges  in  which  this  form  is  not 
used,  which  for  a  long  time  has  prevailed  in  Europe,  and 
which  has  the  advantage  of  presenting  most  soHdity  and 
facility  in  the  construction.  However,  arches  of  this 
form  are  subject  to  the  inconvenience  of  considerably 
obstructing  the  passage  of  the  water. 

The  use  of  flat-vaulted  arches  was  not  introduced 
into  France  till  the  close  of  the  seventeenth  century. 
What  led  to  the  adoption  of  this  form  was  the  necessity 
of  aflfording  a  wide  discharge  without  considerably  aug- 
menting the  height  of  the  arches.  It  effectually  answered 
this  object,  and  when  the  two  diameters  are  not  very 
unequal,  it  presents  as  much  solidity  and  facility  in  the 
construction  as  the  full  semicircular  arch. 

With  respect  to  arches  formed  of  circular  arcs,  it  is 
necessary  to  make  a  distinction  in  the  different  cases  of 
this  form.  The  first  is  that  in  which  the  springings  are 
under  water,  as  is  the  case  with  most  of  the  first  great 
bridges  built  in  France,  such  as  the  bridge  of  St.  Esprit, 
and  the  ancient  bridge  of  Avignon.  In  this  case,  the 
flat-vaulted  arches  have  the  disadvantage  of  giving  a 
less  considerable  discharge,  and  admitting  of  very  massy 
tympana.  This  latter  defect  seems  to  have  been  recog- 
nised by  the  first  builders,  for  the  backs  of  the  arches  are 
almost  always  filled  simply  with  earth,  or  relieved  by 
means  of  small  arcades. 

In  the  second  case,  the  springings  of  the  arc  are  raised 
perpendicularly  nearly  on  a  level  with  tlie  hii:;Iicst  water 
of  the  river,  as  may  be  seen  in  the  bridrj:e  of  Louis  XV^I. 
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at  Paris,  a  circumstaiice  which  compels  ^  ait^tect  to 
mfdce  the  arc  very  low.  Hence  it  happens  tlmt  the 
lateral  pressure  of  the  voussoirs  is  very  considaradi^, 
and  it  is  necessary  in  such  an  instance  to  employ  great 
care  in  the  constxacticmi  so  that  the  crown  may  not  be 
subject  to  sink  down  alter  the  arching,  as  sometimes 
happens.  The  manner  in  which  this  fuech  juts  out  is 
different  firom  that  which  takes  place  in  others,  but  mdi 
irregularities  do  not  tend  to  overturn  the  pi^iSy  only 
giving  them  a  horizontal  declination,  l^e  shall  here* 
after  point  out  the  means  which  are  most  soitaUe  fbt 
resisting  this  pressure  without  any  extraordinary  ex* 
pense. 

The  resistance  opposed  by  the  piers  to  the  cunenti 
when  they  are  sunk,  is  one  of  the  principal  causes  of  ibe 
alluvions  that  are  formed  under  the  piles.  Bridges  built 
on  the  principle  of  the  arc  of  a  circle  have,  in  this 
respect,  a  great  advantage  over  the  others,  when  the 
springings  of  the  arches  are  not  reached  by  the  waters  of 
the  river. 

It  is  hardly  possible  to  lay  down  any  general  rules  for 
the  choice  that  is  to  be  made  of  the  different  kinds  of 
arches,  as  the  decision,  in  each  particular  case,  must 
depend  on  the  various  localities  that  may  occur.  The 
extent  of  the  outlet  which  should  be  given  to  the  river, 
the  relative  heights  of  the  water  at  the  greatest  and 
lowest  elevations,  the  height  at  which  the  surface  of  the 
pavement  of  the  bridge  can  be  placed,  the  obligation 
which  is  sometimes  imposed,  of  allowing  for  the  de- 
struction of  an  arch,  and  consequently  of  making  the 
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piles  perform  the  office  of  abutments,  are  the  principal 
circmnstances,  that  lead  to  a  determination  on  this 
subject. 

To  the  three  kinds  of  arches  of  which  we  have  spoken, 
and  which  are  the  only  ones  now  in  use  in  France,  we 
must  add  the  forms  employed  by  the  Arabians,  and 
especially  the  Gothic  form,  composed  of  two  arcs  of  a 
circle,  and  known  by  the  name  of  ogee.  The  latter 
would  have  the  inconvenience  of  diminishing  consider- 
ably the  outlet,  a  fault  which  is  easily  corrected  by 
working  apertures  in  the  tympana,  as  has  been  done  in 
one  of  the  bridges  of  Pavia.  There  may  be  cases  in 
which  this  form  is  to  be  preferred,  but  taste  ought  to 
proscribe  none,  as  all  of  them  possess  merit  when 
suitably  applied. 


IV.  OF  THE  SIZE  OF  THE  ARCHES. 

Although  the  size  of  the  arches  usually  depends  on 
the  particular  circumstances  of  the  locality  of  the  in- 
tended bridge,  yet  we  shall  venture  to  sketch  out  a  few 
ideas  that  may  elucidate  this  point. 

Small  arches  are  best  suited  to  quiet  rivers,  the  waters 
of  which  do  not  rise  to  any  considerable  height.  It  is, 
in  that  case,  easy  to  fix  the  foundations,  and  it  furnishes 
an  additional  reason  for  not  fearing  to  multiply  the  points 
of  support.  Large  arches,  however,  are  most  suitable  to 
torrents,  in  which  it  is  generally  difficult  to  lay  the  foun- 
dations, and  in  which  the  waters  frequently  draw  down 
rocks  and  trees,  which  may  damage  the  piles  and  the 
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abutments  of  the  arches,  which,  in  that  case,  ought  to  be 
placed  above  the  level  of  the  water. 

In  large  rivers,  wide  arches  ought  in  general  to  be 
adopted  in  preference,  especially  when  they  are  subject 
to  inundations,  or  sudden  risings  of  the  stream ;  but  the 
method,  whether  more  or  less  expensive,  used  in  forming 
or  establishing  the  foundations,  will  influence  this  deter- 
mination. Regard  must  be  also  paid  to  the  nature  of 
the  materials  to  be  employed  in  the  construction  of  the 
bridge,  which  ought  to  aflford  more  solidity  for  large 
arches  than  small  ones,  and  also  to  the  nature  and  size 
of  the  vessels  that  navigate  the  river,  which  will  require 
a  free  and  convenient  passage. 

With  respect  to  tlie  width  to  be  allowed  to  arches, 
there  are  tvvo  plans  to  be  pursued  :  the  apertures  may 
either  be  all  equal,  or  they  may  progressively  diminish 
from  the  middle  arches  to  those  that  join  the  abutments. 
If  all  the  arches  are  equal,  there  is  the  advantage  of 
giving  to  the  tops  of  the  vaults  the  same  elevation  above 
the  water,  and  of  using  the  same  centering  which  served 
for  the  two  first.  But  then  it  is  necessary  to  raise  the 
approaches  to  the  bridge,  and  it  may  consequently  be- 
come requisite  to  make  considerable  embankments,  and 
possibly  to  endanger  the  houses  that  may  be  in  the 
vicinity.  The  rain  w^ater  that  is  deposited  for  a  length 
of  time  on  the  bridge  is  not  easily  got  rid  of,  as  it  pene- 
*^ates  down  to  the  coat,  and  undermines  it. 

*-» ^  of  the  arches  are  unequal,  these 
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which  ought  not  to  exceed  three  centimetres  per  metre. ^ 
We  thus  diminish  the  obstacles  to  the  approaches,  and 
the  height  of  the  embankments.  It  is,  moreover,  possible 
to  unite  the  advantages  of  both  these  methods,  by  giving 
the  same  width  to  all  the  arches,  and  placing  the  spring- 
ings  at  heights  decreasing  from  the  middle  to  the  ex- 
tremities of  the  bridge. 

It  is  necessary  to  give  a  sufficient  height  to  the  arches, 
so  that  in  floods,  extraneous  matter,  such  as  trees,  car- 
ried down  by  the  stream,  may  pass  freely  under  them. 
The  minimum  of  this  height,  when  the  arches  are  equal, 
is  nearly  one  metre  ;  when  they  are  unequal,  the  height 
Ues  between  70  centimetres  and  1"'4. 


V.    OF   THE   BREADTH    OF    I3RIDGES. 

The  breadth  that  ought  to  be  allowed  to  bridges  de- 
pends wholly  on  the  locaUty  in  which  they  are  situated. 
It  ought  to  be  regulated  by  the  degree  of  importance 
attached  to  the  road  on  which  they  are  built,  or  the 
population  of  the  town  which  they  benefit,  and  it  is  an 
essential  point  not  to  make  this  breadth  too  considerable, 
as  it  leads  to  a  superfluous  expense. 

If  the  bridge  is  built  in  the  country,  and  for  a  neigh- 
bouring road,  it  will  be  sufficient  to  allow  it  from  4  to  5"', 
especially  if  it  is  not  very  long.  For  a  road  of  the 
second  class,  the   breadth   ought    to   be  from  6  to  7"', 

*  This  is  3  in   100.     See  Table  of  English  and   French  IVleasincs, 
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which  will  allow  room  at  once  for  two  carriages,  and 
for  foot  passengers,  to  pass.  An  extent  of  from  9  to  10 
metres  ought  to  be  allowed  to  a  bridge  on  a  road  of  the 
first  class. 

In  the  interior  of  cities,  the  breadth  of  the  bridge  may 
vary  from  10  to  20  metres,  with  respect  to  the  popula- 
tion, and  the  activity  of  commercial  intercourse,  but  it 
ought  not  to  exceed  the  latter  hmit.  The  Pont-Neuf, 
at  Paris,  is  undoubtedly  one  of  the  greatest  thorough- 

-^-^   and  its  road-way,  which  has  a  breadth 
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NOTE 

On  the  degree  of  velocity  necessary  to  currents  to  support 

and  convey  different  matters. 

We  shaD  quote  beforehand  some  estimates  of  the  velocity  of  cur- 
rents, observed  under  different  circumstances,  which  may  furnish  some 
terms  of  comparison. 

The  ordinary  velocity,  per  second,  of  the  small  rivers  in  the  vicinity 
of  Paris,  the  declivity  being  O'OOOIS 0*28  per  metre. 

The  velocity  of  the  Seine  between  Sur^ne  and  Neuilly, 
observed  by  M.  de  Chfey,  the  elevation  over  the 
low  water  bemg  l"-26,  and  the  decUvity  0-000125     0*78 

The  velocity  of  the  Seine,  in  the  interior  of  Paris,  the 
water  being  at  0™*6  at  the  bank,  and  the  declivity 
000055 100 

The  same,  the  water  being  6"  at  the  bank,  and  the 
declivity  00006 1*90 

The  greatest  velocity   of  the  Thames,   at   London, 

during  high  water 0*90 

At  low  water 0-76 

The  velocity  of  the  Tiber,  at  Rome,  at  low  water  .     .     1*00 

The  velocity  of  the   Danube,  at  Ebersdoff,   at  low 

water 1*05 

At  high  water,  this  velocity  varies  from  2"*  21  to 
3«-79. 

The  velocity  of  the  Loire,  the  declivity  being  0000382     1  -30 

The  velocity  of  the  Rh6ne,  at  Aries,  at  low  water  1*4G 

The  velocity  of  the  Rh6ne,  at  Beaucaire,  the  same 

tune 2G0 

The  ordinary  velocity  of  the  Durance,  from  Sisteron 
to  its  mouth,  the  height  of  the  water  at  the  bank 
not  exceeding  3" 2' 60 
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The  velocity  of  the  Maragnon  at  the  pass   of  the 

Poago,  observed  by  M.  de  la  Condamine       .      .      .      3-90  per  metre. 

The  velocity  of  a  torrent  arising  from  the  melting  of 
snow  caused  by  the  eruption  of  a  volcano,  observed 
in  America  by  Boogucr 7'80 

We  now  insert  a  table,  furnished  under  the  article  "  Bridge,"  in 
the  Edinburgh  Encyclopedia,  by  Messrs.  Telford  and  Nimmo,  indi- 
cating the  velocity  of  different  currents,  and  the  nature  of  the  mate- 
rials likely  to  yield  to  their  action. 


Tlie  or^uy  nrtura  of  currents. 

Velotity 

Materiali  Ihit  resist  ihese  ido- 
dtiea,  tnd  j-ield  to  more  power- 
ful ones. 

Very  slow 

Gliding       

GcBile 

OrdiiiaT  velocity      .... 
Eitraordiniiy  tnd  rapid  floodn 
Exuaoritiniuy    Aoodg,    nod  1 

r.pid. / 

TorrEnte  ind  otuvcU  .     .     . 

Metres. 
0076 

0'152 
0-30& 
0'GU9 
0-»14 

i-oa2 

1-052 
1'083 
3'005 

Wet  jround,  mad. 

Soft  cUy. 

Sand. 

Gravel. 

Stony. 

Broken  rtonei,  flinls. 

CuUecled  ucbldei,  soft  schiitet. 

Beds  of  rocks. 

Mirdened  rocks. 

We  shall  next  insert  the  reaults  of  the  ezperimenta  made  by  Dnbnat, 
in  order  to  discover  the  regular  velocity  that  beet  suits  soils  of  different 
natures,  the  mateiiab  of  which  are  placed  at  the  bottom  of  an  artificial 
canal  formed  of  thick  planks. 


Velocity 

poweifid  ones. 

Spedfic 
graYity. 

Metres. 
O'OHl 
0108 
0-162 
0189 
0-217 
0-325 
0-474 
0-650 
0-975 
1-220 

Brows  clay,  fit  for  pottery 

Luge  gnvel.  like  sgndn  of  taiMed 

(The  preceding  nuteruls  are  curied  awiy.) 

Gravel  u  Urge  «s  s  pea,  at  mott 

2-64 
2-54 

2-36 
2-54 

2-61 
2-25 

GnvdiiUi^uaMuoh-b^ 

(The  preoediDg  mitoUli  in  cnried  iwiy.) 

A>.gnltffliirt.,u  Urge  u  a  pallet's  egg 

(The  preceding  mtterUls  are  cvried  iwiy.) 
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From  these  experiments  it  may  be  inferred,  that  the  materials  most 
commonly  fomid  in  the  beds  of  rivers,  such  as  sand  and  gravel,  are 
carried  away  by  very  low  velocities.  It  follows  that  these  materials 
are,  in  general,  in  a  constant  state  of  motion.  They  flow  away,  as  well 
as  the  water,  but  more  slowly,  and  by  a  species  of  particular  change 
of  place,  which  has  been  well  observed  and  described  by  Dubuat. 
But  it  is  not  necessary,  in  order  that  a  bridge  may  not  be  undermined, 
that  the  velocity  of  the  water  under  the  vaults  shall  not  surpass  the 
velocity  of  the  current  that  may  carry  away  the  materials  which  form 
the  bottom  of  its  bed ;  but  it  is  necessary  that  this  velocity  shall  not 
sensibly  surpass  that  which  takes  place  above  and  below  the  bridge. 


ENGLISH   AND   FRENCH   MEASURES. 

ENGLISH. 

FRENCH. 

Inch  (36th  of  a  yard) 
Foot  (i  of  a  yard)     . 
Imperial  yard  . 
Fathom  (2  yards) 
Pole  or  perch  (5^  yards)   . 
Furlong  (220  yards) 
Mile  (1760  yards)     . 

2-539954  centimetres. 
3-0479449  decimetres. 
0-91438348  metres. 
1-82876696  metres. 
5-02911  metres. 
201-16437  metres. 
1609-3149  metres. 

FRENCH. 

ENGLISH. 

Millimetre        .... 
Centimetre       .... 
D^metre        .... 

Metre      ,        .        .        .        " 

Kilometre         .... 
Myriametre      .... 

00393 7  inches. 
0-393708  inches. 
3-937079  inches. 
39-37079  inches. 
3-2808992  feet. 
1-093633  yards. 
1093-63  vards. 
6-2138  miles. 

SYSTEMATIC   NAMES. 

VALUE. 

ITINERARY    MEASURES. 

Mjrriametre      .... 

10,000  metres. 

Kilometre         .... 

1000  metres. 

D^imetre        .... 

10  metres. 

Metre 

The  hasis  of  the  weights  and  mea- 

sures.    Ten   millionth    of   the 

quadrant  of  the  terrestrial  me- 

ridian. 

LONG   MEASURE. 

Decimetre        .         .         .         . 

1 0th  of  a  metre. 

Centimetre        .... 

100th  of  a  metre. 

Millimetre        .... 

1000th  of  a  metre. 
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ON  THE  DESCRIPTION  OF  THE  ARCHES  OF 

BRIDGES. 


VI.  ARCHES  OF  A  FULL  SEMICIRCLE. 

We  have  already  explained  the  principal  advantages 
and  inconveniences  of  arches  of  this  kind.  No  further 
remark  is  necessary  with  respect  to  their  description, 
as  their  form  is  entirely  determined  when  the  aperture 
is  settled,  since  this  form  is  a  semicircle  of  which  the 
aperture  is  the  diameter.  It  is  sufficient  to  observe 
that  the  centre  of  the  semicircle  is  usually  situated  at 
the  elevation  of  the  foundations,  or  that  of  the  low 
water.  When  circumstances  admit  of  it,  it  may  be 
placed  below  this  elevation,  and  then  the  arch  is  per- 
pendicularly erected. 


VII.   ARCHES  WITH   FLAT  VAULTS. 

This  form  of  an  arch  is  not  entirely  determined  when 
the  span,  and  even  the  elevation,  have  been  already 
fixed.  It  is,  in  fact,  possible  to  describe  on  two  given 
diameters  an  infinite  number  of  different  curves. 
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The  only  conditions  to  which  the  curve  of  flat-vaulted 
arches  is  subjected,  are,  that  the  tangent  at  the  vertex 
should  be  horizontal,  and  that  the  tangents  at  the 
springings  should  be  vertical.  As  the  semi-elUpse  sa- 
tisfies both  these  conditions,  it  seems  natural  to  choose 
this  curve,  especially  as  the  curvature  decreases  regu- 
larly from  the  springings  to  the  vertex,  and  forms  an 
agreeable  object  to  the  eye.  But  it  has  the  inconve- 
nience in  the  construction  of  obliging  the  architect  to 
change  the  form  of  the  voussoirs  that  compose  the  arch, 
a  circumstance  which  is  very  unpleasant,  and  has, 
besides,  the  defect  of  not  allowing  so  wide  an  outlet 
as  the  curves  of  which  we  are  about  to  treat,  unless 
the  difference  between  both  the  diameters  of  the  arch 
be  not  very  considerable. 

Instead  of  the  semi-eUipse,  curves  composed  of  a 
certain  number  of  arcs  of  circles  are  usually  employed, 
because  the  builder  is  then  at  liberty  to  determine 
conveniently  the  length  and  the  radius  of  these  arcs, 
and  to  give  to  the  flat-vaulted  arches  the  form  which 
may  be  found  most  suitable  and  convenient. 

In  this  case,  both  of  the  following  conditions  are 
necessary  to  be  observed,  viz.  ;  1st,  that  the  line  of 
the  first  arc,  setting  out  from  the  abutments,  shall 
include  that  of  the  ellipsis  on  the  two  diameters  of  the 
flat- vaulted  arch,  so  as  to  afford  to  the  arch  a  wider 
scope  of  outlet  than  it  would  have  without  this  ellipsis  ; 
2nd,  that  the  radius  of  the  vertical  arc  shall  not  exceed 
a  certain  limit.  But  the  value  of  this  limit  cannot 
generally   be    determined,    though    it    should    scarcely 


42  PAPERS    ON 

exceed  the  span  of  the  arch ;  and  if  it  be  foxind  neces- 
sary, from  particular  circumstances,  to  employ  a  greater 
radius,  care  must  be  taken  not  to  direct  the  joints  of 
the  arch-stones  to  the  centre  of  the  arc,  but  towards  a 
nearer  pomt. 

After  settUng  these  two  first  conditions,  the  next  step 
will  be  to  fix  the  number  of  arcs  that  are  to  enter  into 
the  composition  of  the  flat- vaulted  arch  ;  they  must  not 
be  less  than  three,  and  it  has  never  happened  that  more 
than  eleven  have  been  used.         | 

We  shall  now  explain  the  mode  of  description  in  all 
these  different  cases. 


Flat-vaulted  arches  described  with  three  arcs  of  a  circle. 

The  length  of  the  radii  of  the  three  arcs  that  are  to 
compose  the  flat-vaulted  arch  not  having  been  fixed 
when  we  determined  the  two  diameters  of  the  curve, 
another  condition  must  be  employed.      But  it  will  be 
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ated  in  the  points  F,  G,  in  the  line  AB,  and  the  centre  of 
the  third  arc  in  the  point  E  of  the  line  DC  produced. 
One  of  the  centres  being  found,  the  two  others  will  be 
easily  determined.  Let  us  call  x  the  distance  of  the  point 
C,  the  middle  of  AB  from  the  centre  G,  then  as  the  tri- 
angle FGE  is  equilateral,  EG=FG,  and  consequently, 

CE+CD=FG+GB, 
in  which 

and  resolving  this  equation, 

a—ft  i/3+1 


a?= 


i/3-1 


(a— 6). 


To  construct  this  equation  take  CK  =  a— 6,  and  upon  it 
describe  the  equilateral  triangle  CHK,  let  fall  the  per- 
pendicular HL,  and  from  L  apply  LG=LH  the  altitude 
of  the  triangle,  and  G  is  the  required  centre. 

Leu  us  now  suppose  a  condition  to  be  laid  down  that 
the  radii  of  the  great 
and  the  small  arc  are 
different  in  the  least  pos- 
sible degree  from  each 
other.  Let  A  C  =  a,  ^ 
CD =6,  the  radius  of 
the  arc  at  the  abutment 
y,  and  x  that  of  the  ver- 
tical arc,  the  centre  of  which  is  in  E,  and  we  shall 
have,  by  jpeans  of  the  right-angled  triangle  CFE, 

By  solving  this  equation  for  x,  we  find 
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b^v 

we  shall  thm  have  for  the  e^reBsioii  of  (he  {wt^Mtrtion 
of  the  tiro  radii, 

y  6y-jf*       ' 

by  making  its  differmtial  equal  to  zero,  and  finding  the 
value  of  y,  we  have,  after  putting,  for  the  sake  of  concise- 
ness, fi'+fl^sc", 

_        be  . 

y   c+(o-ft)' 

this  substituted  in  the  above,  g^ves 


e-ia-b) 

lliese  two  expressions  are  constructed  by  taking  from 
the  line  AD  the  distance  DG  equal  to  a—b,  and  raising 
on  the  middle  of  the  lemunder  AG,  the  perpendicular 
HE ;  then  the  points  E,  F,  at  the  interEection  of 
the  two  diameters  will  be  the  centres  sought.  TTua 
method  gives  a  greater  difference  between  the  extent 
of  the  two  arcs  than  the  foregoing  one,  which  appears 
preferable. 

When  the  proportion  between  the  two  diameters  is 
not  less  than  one  third,  the  difference  of  the  radii  of 
the  arcs  of  which  the  flat-vaulted  arch  is  formed  is  not 
great  enough  to  make  the  transition  from  the  one  to  the 
other  too  visible,  and  to  produce  a  disagreeable  effect; 
in  that  case  it  will  be  sufficient  to  describe  it  with  three 
arcs  of  a  circle.  But  when  the  arch  is  lower,  then  it 
will  be  necessary  to  employ  a  greater  number. 
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Of  fiat-vaulted  arches  described  with   more   than  three 
arcs  of  a  circle. 

Different  methods  have  been  adopted  in  order  to 
determine  the  positions  of  the  centre,  and  the  length 
of  the  radii  of  the  arcs  of  which  these  curves  are  to 
be  composed.  We  shall  explain  the  mode  which  was 
preferred  for  the  plan  of  the  arches  of  the  bridge  of 
Neuilly. 

After  having  determined  the  radius  FB  of  the  first 
arc,  setting  out  from 
the  abutments,  a  dis- 
tance was  taken  for  the 
prolongation  of  the  less 
diameter ;  call  this  dis- 
tance C  E,  which  is  ar- 
bitrarily made  equal  to 
three  times  CF,  and 
which  may  have  a  dif- 
ferent proportion  to  this 
line.  Afterwards  di- 
viding CE  into  five 
equal  parts,  CF  into 
five  parts  in  proportion  with  the  numbers  1,  2,  3,  4, 
and  5,  and  joining  the  points  of  division  by  the  lines 
LF,  MG,  NH,  01,  EK,  the  points  E,  P,  Q,  R,  S,  F, 
which  are  found  at  the  respective  intersections  of  these 
lines,  were  assumed  for  the  centres  of  the  different  arcs 
that  compose  the  flat-vaulted  arch. 

It  is  evident  that  in  the  curve  described  in  this  man- 
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ner  the  proportion  of  the  elevation  CD  at  the  aperture 
A  B,  depends  on  the  foregoing  data,  assumed  from  the 
length  of  the  line  CF,  and  its  proportion  with  respect  to 
CE.  But,  when  a  flat-vaulted  arch  is  to  be  described, 
the  two  diameters  are  usually  determined  beforehand, 
so  that,  after  describing  a  curve  by  the  preceding 
method,  it  will  be  requisite  to  modify  it  in  such  a  man- 
ner that  the  elevation  CD  shall  become  precisely  equal 
to  the  one  that  is  assiuned. 

Let  us  call  half  of  the  aperture  in  question  a,  and  its 
elevation  6,  x  the  extent  which  CF  is  to  have,  and  y  that 
which  is  to  be  assigned  to  CE.  Let  us  suppose,  besides, 
that  the  assumed  and  arbitrary  values  given  to  CF  and 
CE  be  represented  by  n  and  m,  and  that  these  results 
form,  for  the  developement  of  the  portion  of  the  po- 
lygon EPQRSF,  a  length  equal  to  «,  while  the  length 
really  to  be  described  on  the  lines  x  and  y  will  be  equal 
to  z. 

We  then  have  the  relation 

and  if  we  suppose  the  figure  constructed  on  the  lines 
X  and  y,  to  be  similar  to  the  figure  ECF  constructed 
on  the  lines  CF=n  and  CE=m,  we  shall  have 

mx  sx 

y=  —,  z=  —  ; 
n  n 

substituting  these  values  in  the  foregoing  equation,  and 
deducing  that  of  x^  we  find 

m  +  w  —  5 
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this  is  the  value  that  must  be  given  to  CF,  in  order 
that  the  aperture  and  the  elevation  of  the  flat-vaulted 
arch  shall  be  precisely  equal  to  the  lines  represented  by 
a  and  h. 

It  is  plain  that  this  method  may  be  applied  to  flat- 
vaulted  arches,  composed  of  any  number  of  arcs  what- 
ever. By  means  of  the  same  centres  parallel  curves 
may  be  described,  in  which  the  proportion  of  the  dia- 
meters will  be  variable,  and  if  the  proportion  between 
the  distances  CF  and  CE  be  suitably  settled,  then 
curves  will  be  found  which,  described  for  the  same  arcs, 
will  furnish  forms  of  great  variety,  and  allow  a  more 
or  less  free  passage  to  the  water. 

The  foregoing  method  has  no  inconvenience  but  its 
length,  and  leaves  Uttle  to  be  desired ;  but  it  is  ima- 
gined that  in  the  case  in  which  the  arch  should  be 
lowered  one-fourth  it  is  fruitless  to  compose  the  flat- 
vaulted  arch  with  a  great 
number  of  arcs  of  a 
circle,  and  that  in  ge- 
neral it  will  be  suflficient 
to  confine  their  number 
to  five ;  in  this  case  the 
description  is  simplified 
in  a  great  degree. 

Let  us  suppose  that 
the  lengths  AF  and 
DE,  the  radii  r  and  R 
of  the  arc  at  the  but- 
tresses, and  the  vertical, 
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are  previously  determined.  Let  us  call  the  radius  of  the 
intermediate  arc  p ;  we  can  determine  it  by  the  condition 
to  be  a  mean  proportional  between  r  and  R ;  we  shall 

then  have  /»=  a/  R  r.  Then  describing  from  the  point  F 
as  a  centre,  and  with  a  radius  equal  to  /»— r,  an  arc,  and 
from  the  point  E,  and  with  a  radius  equal  to  R— f>,  a 
second  arc  intersecting  the  former  in  G,  the  point  G  shall 
be  the  centre  of  the  arc  which  will  reunite  that  at  the 
buttresses  with  the  vertical  one. 

If  it  should  be  necessary  to  describe  the  flat-vaulted 
arch  with  seven  centres,  it  will  be  proper  to  find  two 
mean  proportionals  p  and  p'  between  the  radii  of  the  ex- 
treme arcs  r  and  R,  which  will  give 


p  =  v^Rr^  and  p  =  -v^RV. 

Then  describe  from  the  point  F  as  a  centre,  and  with 
a  radius  equal  to  p— r,  an  arc  which  will  contain  the 
centre  of  the  arc  of  which  p  is  the  radius  ;  and  from 
the  point  E,  with  the  radius  EH  =  R— /»',  a  second  arc 
which  will  contain  the  centre  of  the  arc  of  which  p  is 
the  radius.  In  order  to  fix  afterwards  on  each  of  these 
arcs  the  respective  positions  of  the  two  centres,  it  will 

*-  'iraw  between  both  these  arcs  a  Une  HG, 
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This  method  may  be  extended  to  flat-vaulted  arches 
composed  of  a  greater  number  of  arcs  ;  but  it  is  always 
nearly  useless  to  employ  more  than  five. 

When  an  extensive  combination  of  arcs  is  to  be 
formed,  it  is  not  possible,  unless  in  the  parts  near  the 
springings  or  abutments,  to  employ  the  beam-compasses 
to  strike  the  necessary  arcs.  The  mode  is,  to  begin 
by  fixing  the  extremities  of  each  of  these  arcs,  the  co- 
ordinates of  which  have  been  calculated  beforehand,  in 
such  a  manner  as  to  form  an  angle,  the  supplement  of 
which  shall  be  equal  to  the  half  of  the  arc.  This  angle 
must  be  moved  in  such  a  way  that  its  sides  shall  always 
pass  through  the  extreme  points  of  the  arc,  the  vertex 
of  which  gives  the  intermediate  points.^ 


Of  flat-vaulted  arches  which  are  not  described  with  arcs 

of  a  circle. 

The  difficulty  of  tracing  out  on  a  large  scale,  and  in  a 
manner  perfectly  exact,  the  curve  which  is  projected, 
when  it  is  composed  of  several  arcs  of  a  circle,  has 
given  rise  to  different  methods  of  describing  the  flat- 
vaulted  arch,  in  w^hich  this  difficulty  almost  totally 
vanishes. 

Carpenters  usually  employ,  in  order  to  adapt  a  cui-ve 


*  For  a  full  description  of  this  as  well  as  different  other  methods 
of  describing  arcs  of  a  circle,  see  Dr.  Gregory's  Mathematics  for 
Practical  Men.  pp.  127,  128. 
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to  two  sides  of 
an  angle  A  ED, 
a  method  which 
consists  in  di- 
viding the  two 
sides  of  the  angle  into  a  number  of  equal  parts,  and  to 
join  the  points  of  division  by  lines  which  they  consider 
as  tangents  to  the  curve,  and  which,  being  supposed  to 
approximate  infinitely,  determine  each  of  their  points  by 
their  successive  intersections.  By  performing  this  same 
operation  on  the  angle  BFD,  a  portion  of  a  curv^e  will 
be  found  equal  to  the  first,  and  which  will  complete  the 
description  of  the  arch  ADB. 

It  has  been  observed  for  a  length  of  time  that  the 
curve  described  in  the  foregoing  manner  was  a  portion 
of  a  pai'abola,  the  vertex  of  which  is  situated  between 
the  points  A  and  D  ;  and  it  allows  of  a  wider  outlet 
than  is  afforded  by  a  flat-vaulted  arch  composed  of  three 
arcs  of  a  circle,  or  bv  a  fiiU  semicircle,  wliich  should 
be  described  on  the  same  axes.  It  thus  presents  an 
advantage  in  this  resj)ect  as  well  as  in  the  facihty 
of  description.  It  retains  however  an  inconvenience 
resulting  from  the  more  or  less  agreeable  aspect  which 
curves  of  this  kind  j^resent  ;  in  fact,  it  is  evident  that 
in  the  parabola  the  value  of  the  radius  of  cur\'ature  is 
a  minimum  at  the  vertex  of  the  curve  ;  and  bv  reason 
of  the  plane  where  the  vertex  is  fixed  in  this  instance 
it  follows  that  the  cune  does  not  diminish  progressively 
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arch.  It  has  besides  been  proposed  to  form  the  flat- 
vaulted  arch  from  two  arcs  of  a  circle  described  from 
the  line  of  the  springings,  ^nd  connected  at  the  vertex 
by  a  portion  of  the  catenary  curve.  Curves  composed 
in  this  manner  present,  particularly  in  the  lower  part,  a 
much  wider  outlet  than  the  ordinary  flat- vaulted  arches, 
and  in  this  respect  they  seem  to  be  deserving  of  a 
preference. 


VIIL— ARCHES   FORMED   FROM   AN   ARC   OF   A 

CIRCLE. 

Latterly  a  very  considerable  number  of  bridges  has 
been  constructed  in  which  the  sweep  is  described  by  an 
arc  of  a  circle,  but  care  has  been  always  taken  to  place 
the  springings  nearly  on  a  level  with  high  water. 
Their  positions  being  fixed  by  this  condition,  if  the 
height  to  which  it  is  possible  to  raise  the  vertex  of  the 
arch  is  equally  aflbrded  by  the  localities,  the  arc  is  then 
completely  determined.  But  very  possibly,  in  this  case, 
the  opening  would  be  too  low,  or  the  radius  of  the  arc 
may  have  too  great  a  length,  so  that  the  work  would  not 
present  that  sohdity  which  is  requisite  to  be  obtained 
in  such  a  construction  as  a  bridge.  In  that  case,  it  will 
be  best  to  abstain  from  the  use  of  the  arc  of  a  circle,  and 
from  the  advantages  which,  in  other  points  of  view,  it 
might  afford. 
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IX.— ON     THE     SUBSTANCE     WHICH     SHOULD     BE 
GIVEN  TO  THE  ARCH-STONES  OF  BRIDGES. 

After  having  determined  the  curvature  of  the  arches, 
the  next  question  which  presents  itself  is  that  of  the 
depth  of  the  stones  of  the  arches  at  their  crown ;  be- 
cause it  is  upon  this  that  the  extent  and  the  direction  of 
the  thrust  depend,  and  consequently  the  resistance  of 
which  the  piers  and  abutments  should  be  capable.  In 
regard  to  this  point  the  works  of  the  ancients,  and  even 
those  of  the  modems,  exhibit  very  great  differences. 
Several  engineers  have,  indeed,  endeavoured  to  establish 
precise  rules  for  this  purpose,  yet  as  such  rules  are  not 
founded  upon  true  and  obvious  principles,  they  have  not 
been  strictly  adhered  to.  We  shall  now  proceed  to  state 
some  particulars  briefly,  on  those  which  are  most  gene- 
rally known. 

The  principal  Italian  architects,  such  as  Alberti,  Pal- 
ladio,  and  Serlio,  have  vaguely  indicated  a  few  of  them : 
one  having  fixed  a  twelfth,  one  a  fifteenth,  and  another  a 
seventeenth,  of  the  span  or  chord  of  the  arch,  as  the 
proper  proportion  for  the  depth  of  the  stones  at  the 
apex.  It  is  obvious  enough,  however,  that  although 
they  are  not  false  in  themselves,  because  founded  upon 
actual  examples  from  executed  structures,  such  general 
indications  are  not  at  all  to  be  relied  upon  whenever  the 
ordinary  forms  and  dimensions  are  departed  from ;  for 
they  are  given  by  their  authors  without  their  entering 
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into  their  reasons  for  doing  so,  or  supporting  them  by 
arguments  of  any  kind. 

It  is  the  same  with  regard  to  the  rules  given  by 
Gauthier  in  his  Treatise  on  Bridges ;  who  distinguishes 
vaults  accordingly  as  they  are  constructed  either  of  hard 
or  of  soft  stone  ;  and  to  the  former  he  allows  a  fifteenth 
of  their  span,  when  it  exceeds  10  metres  (32*8099 
English  feet)  ;  and  to  the  others  about  32  centimetres 
(12'5986  inches)  more.  Yet  he  takes  no  account  of  the 
different  forms  of  curvature ;  and  how  defective  his  rule 
is,  may  be  seen  at  once,  when  we  find  that  the  arches  of 
the  Pont  de  Neuilly  support  themselves  with  a  depth  of 
no  more  than  162  metres  (5  3 15  feet)  at  their  crown, 
whereas,  according  to  Gauthier,  it  ought  to  be  26 
metres  (8*53  feet). 

BofFrand  has  also  drawn  up  tables  for  the  same  pur- 
pose, which  give  in  general  a  greater  ratio  for  the 
depth  of  the  stones  at  the  crown  of  an  arch  than  Gau- 
thier does,  and  consequently  are  no  more  deserving  of 
attention. 

In  Perronet's  work  we  meet  with  a  rule  which  assigns 
for  the  depth  of  the  arch-stones  at  the  crown  of  an  arch 
one  twenty-fourth  of  its  span  ;  to  which  325  millimetres 
(12*795  inches)  are  added,  afterwards  subtracting  j\-^ 
of  the  chord  or  span.  This  rule  will  be  found  to  agree 
generally  with  the  depths  adopted  in  such  bridges  as 
have  been  built,  especially  in  those  whose  arches  are 
semicircular  or  segments  of  circles ;  yet  some  arches 
which  have  been  executed  appear  to  prove  tliat  the  rule 
in  question  establishes  too  great    a   substance    for   tlic 
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structure,  when  the  opening  or  span  of  the  arch  ex- 
ceeds 30  metres  (98-427  English  feet). 

We'  are  therefore  of  opinion  that  for  a  rule  of  this 
kind  the  following  ought  to  be  preferred ;  1st,  a  depth 
of  0.33  metre  (12-9923  inches)  to  all  arches  of  less  than 
two  metres  (6-5616  feet)  ;  2udly,  tor  those  from  two 
metres  (6-5616  feet)  to  sixteen  metres  (52-4928  feet) 
the  depth  should  be  ^  of  the  span,  increased  by  0-33 
metre  (12-9923  inches) ;  3rdly,  for  those  from  16 
metres  (52-4928  feet)  to  32  metres  (1049856  feet),  it 
ought  to  be  g\  of  the  span  ;  4thly,  for  arches  exceeding 
32  metres  (104-9856  feet)  the  depth  should  be  ^\  of 
the  tirst  32  metres,  and  ^-g  of  whatever  may  be  the 
overplus.  The  same  rule  will  also  serve  both  for  semi- 
circular and  segmental  arches,  and  to  those  of  flatter  and 
compounded  arcs.  Tliere  are  many  existing  bridges  of 
great  size,  the  substance  of  whose  arches  is  less  than 
would  be  deduced  from  the  foregoing  rule. 

In  order  duly  to  determine  the  substance  of  an  arch, 
regard  should  be  had  both  to  the  materials  and  to  the 
mode  of  construction  employed. 

When  it  shall  have  been  seen  what  are  the  effects 
which  manifest  themselves  in  arches  after  they  are  cwi- 
stnicted,  we  shall  be  convinced  that  if  an  arch  could  be 
formed  of  Incompressible  materials,  it  could  not  settle, 
except  in  such  degree  as  the  resisting  parts  might  not 
be  sufficiently  strong  to  support  those  which  press  upon 


'  '  We,'  in  these  Papers,  must  not  be  andentood  to  mean  the  Editor, 
E^tors,  Author,  or  Authors  of  the  work  generaUy. 


them ;  or,  in  other  words,  only  in  such  degree  as  the 
abutments  might  not  be  sufficiently  firm  to  resist  the 
thrust  of  the  arch. 

Free-stone  {pierre  de  taille)  may  be  considered,  for  all 
practical  purposes,  as  incompressible  ;  and  we  find  that 
if  the  arch-stones  were  to  be  placed  one  upon  another 
without  mortar,  and  without  there  being  any  other 
filling  in  or  packing  in  such  manner  that  there  could  be 
no  bulging  at  all,  the  arch  would  support  itself,  provided 
the  abutments  were  suflSciently  firm,  and  the  key-stone 
of  such  substance  that  it  could  not  be  crushed  or  splin- 
tered by  the  pressure  it  would  have  to  sustain. 

The  depth  of  the  key-stone  would  then  at  once  be 
determined,  if  we  knew  the  horizontal  pressure  the  two 
halves  of  the  arch  exert  upon  each  other,  and  the 
power  of  resistance  of  the  stone  they  are  constructed 
of;  but  it  would  be  necessary  to  take  into  account  the 
shaking  from  the  motion  of  carriages  to  which  such 
arches  are  exposed,  in  order  not  to  give  them  an  in- 
adequate substance,  more  especially  those  of  small 
diameter,  upon  which  the  pressure  is  less  consi- 
derable. 

If  the  pressure  borne  by  the  arch-stones  in  the  crown 
of  an  arch  of  the  boldest  execution  be  calculated,  we  find 
that  it  is  much  less  than  what  would  be  requisite  to 
crush  the  stone.  In  the  Pont  de  Neuilly,  for  instance, 
the  horizontal  pressure  against  the  key-stone  is  about 
14,000  kilogrammes  (30,876*72  lbs.  av.)  for  each  metre 
of  its  depth,  supposing  the  masonry  cut  down  to  the 
level  of  the  summit  of  the  extrados ;    or  about  1><5,000 
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kilogrammes  (408,013*8  lbs.  av.),  having  reference  to 
the  weight  of  the  filling  in  and  of  the  pavement,  and 
to  that  of  carriages  and  passengers  which  it  may  have 
to  sustain  occasionally.  The  arches  are  built  of  Sail- 
lancourt  stone  ;  and  according  to  M.  Rondelet's  ex- 
periments, a  cubic  piece  of  this  stone  of  the  first 
quality,  whose  side  is  5  centimetres  (1*9685  inches),  re- 
quires a  pressure  of  3500  kilogrammes  (7719' 18  ttm. 
av.)  to  crush  it.  Consequently*,  as  the  arch-stones  at 
the  summits  of  the  arches  are  1*624  metre  (5*328  feet) 
deep,  the  force  necessary  to  crush  the  stones,  supposing 
it  proportioned  to  the  surfaces,  would  be  2,275,000 
kilogrammes  (5017467  fts.  av.),  that  is,  a  pressure  more 
than  twelve  times  greater  than  what  it  is  exposed  to. 

In  the  arch  proposed  to  be  built  at  Melun,  with  a  span 
of  48*7  metres  (157*4832  English  feet),  formed  by  the 
arc  of  a  circle  whose  radius  would  be  65  metres  (213*25 
feet) ,  the  horizontal  pressing  against  the  key-stone  would 
have  been  about  240,000  kilogrammes  (529,315*2  lbs.  av.) 
for  every  metre  of  its  depth,  on  account  of  the  specific 
gravity  of  the  stone  (hard  conglomerate  sand-stone,  gres 
dur),  and  of  occasional  additional  weights.  But  if  we  take 
only  15,000  kilogrammes  (33,082*2  lbs.  av.)  as  the  resist- 
ance of  this  kind  of  stone  on  a  surface  of  25  square 
centimetres  (3*875  square  inches),  which  is  below  the 
results  published  by  Rondelet,  the  force  requisite  to 
crush  a  stone  1*624  metre  (5*328  feet)  deep,  would  be 
9,744,000  kilogrammes  (21,490,197*12  fts.  av.),  which 
is  equal  to  more  than  forty  times  the  actual  pressure. 

After  this  it  would  appear  that  we  might  adopt  for 


i 
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arches  a  considerably  less  degree  of  depth  in  the  arch- 
stones  than  what  our  most  experienced  constructors 
usually  give  them.  But  these  calculations  suppose  that 
the  arch-stones  press  equally  on  each  other  throughout, 
and  that  after  the  construction  is  completed  there  is  no 
play  or  vibration,  and  no  greater  pressure  on  one  part 
than  on  another.  This  hypothesis  would  not  be  very  far 
from  the  truth  if  the  joints  of  the  arch-stones  w^ere  per- 
fectly executed ;  and  if  packing  were  avoided,  adopting 
indeed  the  method  employed  by  the  ancients  in  their 
works  of  the  same  kind,  we  may  conclude  that  bridges 
might  be  constructed  possessing  greater  boldness  and 
lightness  than  are  possessed  by  the  generaUty  of  those 
which  have  hitherto  been  executed  by  the  moderns. 

Nevertheless,  both  the  change  produced  in  the  stones 
themselves  by  the  effects  of  time,  and  the  inevitable 
imperfection  in  the  execution  of  the  joints,  would  alone 
deter  us  from  reducing  the  key-stones  of  bridges  to 
the  substances,  which,  according  to  such  calculation, 
would  appear  to  be  sufficient,  because  the  slightest  splin- 
tering or  fraying  would  sensibly  diminish  their  resistance, 
and  possibly  endanger  the  arch.  But  the  practice  of 
packing  the  joints,  and  the  liability  to  settling  which 
results  from  it,  and  hence  again  of  changes  in  the  forms 
of  arches,  appear  to  be  the  principal  causes  of  the  great 
differences  between  the  substance  indicated  as  necessarv 
by  the  strength  of  the  stone,  and  that  which  is  usually 
given. 

In  effect,  the  packing  being,  previously  to  the  mortar 
becoming  perfectly  dry,  the  only  intermediate  substance 


by  which  the  arch-stones  bear  one  upon  another,  it  is 
evident  that  the  resisting  surface  is  not  that  of  the 
entire  surface  or  bed  of  the  joint,  but  that  it  is  reduced 
to  that  of  the  packing.  Hence,  it  would  seem  possible 
to  determine  the  depth  of  the  arch-stone,  in  such  manner 
that  the  superficies  of  the  packing  on  which  it  rests 
were  sufficiently  large  that  the  corresponding  parts  of 
the  joint  of  the  stone  would  be  able  to  resist  the  pres- 
sure. But,  it  is  necessary  to  remark,  that  the  power  of 
resistance  of  the  stone  cannot  in  this  case  be  computed 
from  experiments  already  known,  as  these  have  been 
made  on  small  detached  cubes. 

It  may  also  be  remarked  that  the  vertical  settUng 
of  an  arch  is,  cceteris  paribus,  greater  in  proportion  as 
the  depth  of  the  key-stone  is  diminished.  This  settling 
depends,  in  part,  on  the  shortening  of  the  curve  DEd, 
which  connects  the  supporting  points  or  extremities  of 
the  arch-stones,  or  those  about  which  the  stones  have  a 
tendency  to  turn  in  the  settlement  of  the  arch.  This 
curve  passes  through  the  points  of  rupture  D  and  rf, 
and  through  E  the  summit  of  the  extrados,  and  it  is 
more  or  less  depressed  according  as  the  key-stone  is 
more  or  less  deep.  Hence  we  may  easily  perceive 
that,  if  the  compression  of  the  packing  were  known 
and  the  shortenine;  the  curve  underiroes  therebv,  with 
regard  to  a  determined  pressure,  we  could  compute  the 
amount  of  settlement  for  an  arch,  corresponding  to  the 
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be,  the  more  it  may  be  found  that  it  will  be  irregular, 
and  that  the  form  of  the  arch  will  become  changed  by 
means  of  it.  This  consideration  induces  us  to  endeavour 
to  diminish  the  habihty  an  arch  may  be  under  in  this 
respect,  by  giving  the  key-stone  more  than  depth  enough 
to  yield  suflScient  resistance  to  the  greatest  amount  of 
pressure. 

After  what  has  been  said  it  does  not  appear  that  it 
would  be  possible  to  establish  any  rule  for  determining 
the  depth  of  the  stones  for  the  arches  of  bridges  ;  besides, 
this  question  does  not  seem  to  admit  of  any  general  so- 
lution, because  it  evidently  depends  upon  the  nature  of 
the  materials,  and  upon  the  mode  of  construction  em- 
ployed. If  the  arch-stones  were  to  be  wrought  according 
to  the  manner  practised  by  the  ancients,  the  beds  being 
rubbed  to  an  even  surface,  it  would  be  a  matter  less 
arbitrary  and  uncertain.  We  might  then  reasonably 
presume  that  the  arches  would  not  settle  at  all  when 
once  constructed  ;  and  it  would  be  sufficient  to  calculate 
the  power  of  resistance  of  the  stone,  and  its  greater  or 
lesser  power  of  resisting  the  effects  of  time,  and  acci- 
dental injuries.  But  the  mode  usually  practised  does 
not  admit  of  such  calculation  being  applied,  in  tlie 
absence  of  experience,  of  all  the  elements  of  which  it 
is  composed.  We  must,  therefore,  content  ourselves, 
with  consulting  the  examples  with  which  the  most 
skilful  constructors  have  furnished  us.^ 

^  An  extensive  table,  showing  the  depths  given  to  the  j<tones  of 
the  vaults  of  different  bridges,  will  be  found  cimong  the  Tables  of 
Bridges  at  the  end  of  the  work. 
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X.— ON   THE    PRESSURE   TO   WHICH   THE    STONE-WORK 
OP  ARCHES   IS   EXPOSED. 

It  will  be  readily  acknowledged  that  the  question  as 
to  the  degree  of  depth  that  ought  to  be  allowed  to  the 
arch-stones  of  bridges  is  combined  witli  a  great  variety 
of  considerations.  It  is  clear,  however,  that  the  great- 
ness of  the  pressures  to  wliicli  key-stones  are  exposed, 
and  the  degree  of  resistance  presented  by  the  stone- 
work, form  the  principal  elements  of  this  inquiry,  and 
that  it  is  extremely  necessarj'  to  pay  attention  to  these 
points  in  the  formation  of  large  arches. 

We  shall  express  uniformly  by  Q  the  horizontal  thrust 
of  the  arch,  or  the  pressure  which  the  two  halves  exer- 
cise on  each  other,  and  it  will  be  seen,  p.  15  (Theory) ,  that 
this  expression  is  determined  by  the  condition  to  be  the 
greatest  possible  force  that  must  be  applied  horizontally 
in  N,  to  prevent  a  portion  mnNM  of  the  vault  to  turn 
from  top  to  bottom  on  the  edge  m.  Let  the  co-ordinates 
AO,  MO  of  the  point  M,  be  a  and  b, 
A  being  the  origin,  the  length  of  the 
joint  MN=:c;  and  x  and  y  the  co- 
ordinates of  the  point  m ;  the  length  / 
of  the  joint  m  n  =:  £  ;  and  the  angle  ^ 
formed  by  this  joint  with  the  vertical,  6.  The  weight 
of  the  portion  of  the  arch  mnNM  will  be  represented 
by  G,  as  well  as  the  parts  of  the  construction  which 
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it  supports,  and  «  will  express  the  horizontal  dis- 
tance from  the  centre  of  gravity  of  this  weight  to  the 
point  A. 

On  these  premises  it  will  be  clearly  seen  that  by 
admitting  the  exact  value  of  the  horizontal  thrust  Q, 
calculated  as  above,  we  shall  easily  ascertain  the  per- 
pendicular pressure  that  acts  on  any  joint  whatsoever 
mn.  In  fact,  this  pressure  is  nothing  but  the  result 
of  the  forces  Q  and  G,  that  influence  the  portion  of 
the  vault  mwNM,  decomposed  perpendicularly  at  mn ; 
that  is  to  say,  that  it  is  expressed  by 

G  sin.  ^  +  Q  cos.  6, 

This  expression  for  the  vertical  joint  MN,  is  reduced  to 
Q;  and  if  the  first  joint  AB  is  horizontal,  it  would  be 
reduced  for  this  joint  to  G,  the  quantity  G  being  then 
the  total  weight  of  the  half-arch. 

On  this  occasion  two  remarks  are  necessary.  The 
first,  that  it  cannot  generally  be  conformable  to  truth 
to  calculate  the  horizontal  thrust  Q  on  the  supposition 
of  a  force  appUed  to  the  edge  N ;  for  the  key-stones  at 
the  vertex  of  the  arch  press  against  each  other  on  the 
whole  elevation,  or  at  least  on  a  portion  of  the  elevation 
of  the  plane  of  the  joint.  The  pressure  being  thus  sub- 
divided over  a  certain  space  under  the  edge  N,  it  acts, 
in  order  to  prevent  the  descent  of  the  portion  of  the 
vault  mnMN,  with  the  arm  of  a  lever  less  than  is  sup- 
posed, when  it  is  considered  as  being  applied  to  N ;  and 
consequently,  we  find  by  tliis  supposition,  a  value  of  Q 
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kaa  than  the  teal  one.  No  sengible  inccNZvemeDce  how- 
ever in  general  resolts  from  this  disooveiy,  as  &r  as 
regards  the  equilibrium  of  the  arch,  but  some  may  he 
felt  with  raEpect  to  the  exact  appredation  of  ihB  forces 
to  which  the  stone-woilE  is  exposed. 

The  second  remark  is,  that  even  when  we  arrive  at 
an  accurate  knowledge  of  the  value  of  the  normal  pres- 
sure operating  on  every  joint,  we  cannot  deduce  from 
it  the  effort  exerted  on  the  Btone-work,  as  we  are 
ignorant  of  the  manner  in  which  tliis  pressure  is  sub- 
divided over  the  surface  of  the  joint.  Far  from  being 
able  to  admit  that  the  pressure  is  equally  spread  over 
all  this  surface,  it  is  known,  on  the  contrary,  that  over 
all  the  arch,  with  the  exception  of  a  small  number  of 
joints,  the  pressure  is  principally  exerted  near  one  of 
the  ends.  This  circumstance  occurs  chiefly  at  the 
vertex,  where  the  pressure  is  felt  near  the  upper  end 
of  the  joint ;  on  the  joints  of  rupture  placed  in  the 
haimches  of  the  arch,  where  it  acts  near  the  lower 
ends ;  and  finally,  in  the  lower  joints,  under  the 
springings,  where  the  pressure  manifests  itself  near  the 
external  arris.  We  must  here  suppose,  conformably  to 
general  experience,  that  the  lower  parts  of  the  arch  have 
a  tendency  to  be  forced  outwards. 

The  manner  in  which  the  pressure  is  spread  over  the 
surfaces  of  the  joints  is  more  uncert^,  for  this  reason, 
that  it  depends  on  the  precautions  with  which  the  beds 
of  the  arch-stones  are  wrought  and  disposed,  on  the  dis- 
tribution of  the  packing,  the  consistence  of  the  mortar, 
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on  the  extent  of  the  settlement  of  the  arch,  according 
to  which  the  joints  are  more  or  less  open,  &c. 

In  order,  however,  to  present  some  shght  sketches  on 
this  subject,  let  us  suppose  an  arch  built  of  hard  stone 
shall  be  wrought  and  set  without  mortar ;  suppose, 
moreover,  that  the  lower  part  of  the  arch  has  scarcely 
substance  and  weight  enough  to  resist  the  thrust,  so  that 
the  equiUbrium  is  nearly  interrupted  by  the  sinking  of 
the  upper,  and  the  reversal  of  the  lower  parts.  In 
that  case,  when  we  consider,  in  the  first  place,  the  joint 
MN,  placed  at  the  vertex  of  the  vault,  we  may  admit 
that  if  this  joint  were  on  the  point  of  opening,  the  pres- 
sure at  M  would  be  nothing.  We  may  suppose,  more- 
over, that  the  stone  admits  of  being  c6mpressed  in  a 
shght  degree  ;  this  compression,  which  is  almost  imper- 
ceptible at  the  lower  part  of  the  joint,  increases  pro- 
gressively from  the  point  M  to  N,  where  it  is  at  its 
maximum,  and  in  the  same  way  that  the  pressures 
experienced  by  the  different  portions  of  the  surface  of 
the  joint  increase  also  uniformly  from  the  lower  end  M, 
where  the  pressure  is  nothing,  to  the  upper  end  N, 
where  it  is  in  the  greatest  possible  degree.  Then  still 
preserving  the  aforesaid  denominations,  let  K  be  the 
value  of  the  pressure  at  its  maximum,  which  takes 
place  at  the  upper  end  N,  this  value  being  referred  to  a 
unit  of  surface ;  the  pressure  exercised  at  the  distance 

V  from  the  lower  edge  or  arris  M,  will  be  K  -,  and  the 

c 

pressure  exercised  on  the  element  dv  of  the  height   of 
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the  vouBSoir  will   be  K^^.     It  is  besides  to  be  ob- 
c 

served,  that  the  condition  which  determines  the  amount 

of  the  pressure  exercised  on  all  the  elements  ought  to 

be  such,  that  the  sura  of  the  moments  taken  with  regard 

to  the  arris  m,  will  be  equal  to  the  moment  of  the  weight 

G  of  the  portion  of  the  arch  mnNM,  taken  with  regard 

to  the  same  arris. 

The  equably  of  the  sum  of  these  moments  may  be 

thus  expressed ; 

^  f'^dv.  p{b-y+i>)=G{a-x)i 
or,  by  integration, 


.K  = 


6G(«-3;) 
3(&— t/)c+2c'' 


This  formula  wiU  give,  on  the  hypothesis  which  we 
have  admitted,  and  which  is  not  far  from  the  truth,  for 
an  arch  constructed  as  above,  the  value  of  the  greatest 
pressure  supported  by  the  parts  of  the  joint  MN  placed 
at  the  vertex  of  the  arch.  It  is  moreover  evident,  that 
as  this  value  of  K  varies  with  the  position  of  the  joint 
mn,  where  the  rupture  is  supposed  to  take  place,  it  will 
be  necessary  to  ascert^n  the  position  of  this  joint,  which 
will  give  the  greatest  possible  value  for  K. 

The  expression  for  the  horizontal  thrust,  when  cal- 
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ciliated  on  the  supposition  that  it  operates  solely  against 
the  edge  N,  is 

b—y+c 

According  to  the  data  assumed  above,  the  expression 

of  this  thrust  is  the  sum  of  the  elementaiy  pressures 

J  1 

K ,  taken  from  0  to  c,  that  is  to  say,  ^  K  c  ;  or  sub- 

c  ^ 

stituting  the  value  of  K  we  have, 

3G(a— a:) 
3{b^y)+2c 

which  is  a  value  somewhat  greater  than  the  preceding. 

With  respect  to  the  joint  ran,  which  we  shall  suppose 
to  be  the  joint  of  rupture,  that  is  to  say,  the  one  which 
coincides  with  the  greatest  value  of  K,  we  shall  be 
allowed  equally  to  admit  (since  this  joint  is  supposed 
to  be  ready  to  open),  that  the  pressure  is  nothing  at 
the  upper  edge  n,  and  that  it  increases  uniformly,  setting 
out  from  this  edge,  till  it  reaches  the  lower  edge  m, 
where  it  is  in  the  greatest  possible  force.  If  again  we 
designate  by  K  the  maximum  of  the  pressure  with 
reference  to  a  unit  of  surface,  and  by  v  the  distance  of 
any  point  whatsoever  of  mn  from  the  extremity  n,  we  shall 

have  K  -  for  the  pressure  which  takes   place   in   this 

z 

point,  as  we  have  taken  z  to  be  the  length  of  the  joint. 
The  sum  of  the  pressures  operating  on  the  whole  sur- 
face of  the  joint  will  then  be 


directed  against  the  joint,  by  making  it  equal  to  that 
amount,  we  shall  get 

lKz=Gsin.  e+Qcos.  e, 

At 

jr      2(Gsin.  ^4-Qcos.  5) 

z 

This  value  of  K,  or  the  greatest  pressure  experienced 
by  the  parts  of  the  joint  of  rupture  ran,  is  precisely 
the  double  of  the  result  obtained  from  supposing  the 
effort  equally  divided  over  the  whole  surface  of  the 
joint. 

The  same  considerations  may  be  appUed  to  the  lower 
joint  AB,  which  is  ready  to  open  in  A,  when  the  equi- 
librium of  the  vault  is  on  the  point  of  being  interrupted. 
In  order  to  calculate  the  value  of  K,  which  belongs  to 
this  joint,  we  may  use  the  foregoing  formula,  in  which 
G  will  represent  the  whole  weight  of  the  half-arch ;  and 
if  the  joint  is  horizontal,  we  shall  have  simply 

K  =  2G. 

Experience  has  fully  proved  that  in  arches  similar  to 
those  usually  adopted  in  modern  bridges,  not  only  the 
joints  placed  at  the  vertex,  and  at  the  points  of  rupture 
in  the  haunches,  but  also  several  joints  near  them,  open 
when  the  equilibrium  is  once  interrupted.  In  that  case, 
the  preceding  formulee  are  applicable  to  them.  With 
respect  to  the  intermediate  joints,  which  have  no  ten- 
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the  extremities  of  the  joint.  If  we  set  out  from  the  vertex 
of  the  arch,  in  going  towards  the  haunches  we  pass 
the  joints  where  the  pressure  tends  to  operate  solely  on 
the  upper  and  outer  arrises  to  those  where  it  tends  to 
operate  solely  on  the  lower  and  inner  ones.  We  should 
find  in  the  interval  a  joint  in  which  the  pressure  does 
not  tend  to  exert  itself  more  on  one  end  than  on  the  other. 
This  is  determined  by  the  condition  that  the  direction  of 
the  one  resulting  from  the  horizontal  pressure  Q,  and 
the  weight  of  the  portion  of  the  half-arch  that  is  above 
this  joint,  passes  at  an  equal  distance  from  the  upper 
and  lower  ends.  It  may  be  supposed,  with  respect  to 
the  joint  in  question,  that  the  pressure  is  equally  spread 
throughout  its  whole  depth.  We  should  find,  in  like 
manner,  a  joint  subject  to  the  same  condition,  between 
the  joint  of  rupture  in  the  haunch,  and  the  joint  at  the 
springing  of  the  arch.  It  is  obvious  in  this  view,  that  if 
we  apply  to  these  intermediate  joints  the  formula  spe- 
cified above,  to  determine  the  maximum  value  K  of  the 
pressure  supported  by  the  stone-work,  we  should  have  a 
value  greater  than  the  true  one  ;  so  that  these  formulae 
give,  at  least  for  the  latter  joints,  the  knowledge  of  a 
limit  which  the  pressure  cannot  go  beyond. 

All  the  foregoing  observations  are,  moreover,  founded 
on  the  supposition  that  the  parts  of  the  arch  are  in  a  state 
of  equilibrium  which  is  near  to  being  destroyed,  so  that  the 
joints  are  almost  in  the  act  of  opening  at  the  points  of 
rupture.  But  in  reality,  there  will  always  be  a  surplus 
of  resistance,  for  if  the  arch-stones  may  be  supposed  to 
have  been  well  wrought  and  placed  in  contact,    so  as 


68  PAPERS    ON 

to  render  bulging  and  change  of  fonn  impossible,  tlie 
joints  will  not  open.  In  this  state,  it  may  be  deter- 
mined that  there  will  be  really  no  pressure  upon  those 
of  the  joints  liable  to  rupture  which  are  the  least  acted 
upon,  as  has  been  supposed  above.  We  may  tlierefore 
conclude  that  in  calculating  the  value  of  K  by  the  fore- 
going fonnulae,  we  shall  discover  limits  which  the  real 
pressure  cannot  pass,  and  from  which  it  will  be  the 
more  remote,  as  there  will  be  a  greater  surplus  of  re- 
sistance in  the  lower  parts  of  the  arch. 

If  however  we  suppose  the  arch-stones  to  be  set  with 
packing  and  in  mortar,  or  in  other  compressible  materials 
which  may  admit  of  settlement  and  change  of  figure  m 
the  arch,  and  permit  the  joints  to  open  or  close,  the  hy- 
potheses and  the  foregoing  calculations  will  be  at  variance 
with  the  natural  effect.''.  It  happens,  in  fact,  that  in  con- 
sequence of  the  gaping  of  the  joint  at  one  of  its  extremities, 
and  its  binding  at  another,  especially  near  the  points  of 
rupture,  the  arch-stones  are  entirely  separated  through- 
out a  portion  of  their  depth,  and  only  bear  upon  one 
another  at  and  near  the  end  where  the  stress  takes  place. 
This  effect  was  observed  on  striking  the  centres  of  the 
Bridge  of  Nemours,  where  the  first  arch-stones  boie 
upon  the  impost  only  about  0"-32  (1  05  feet)  of  the 
depth.  The  layer  of  mortar  with  which  the  joint  had 
been  filled  before  the  centering  was  struck  adhered  to 
the  bed  of  the  impost,  and  was  separated  from  that  of 
the  arch-stone  on  the  remainder  of  the  joint,  the  whole 
depth  of  which  was  l"-30  (4265  feet). 

It  is  difficult,  in  such  cases,  to  arrive  at  an  accurate 
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notion  of  the  action  to  which  the  stone  is  subjected, 
and  to  establish  a  parallel  between  this  action  and  that 
which  it  supports  in  experiments  upon  small  cubes  of 
the  same  material.  Calculating  upon  the  results  of 
such  experiments,  it  w^ould  appear  that  if  the  bearing 
were  confined  to  the  proportion  above  supposed  of  the 
surface  of  the  bed  of  the  arch-stone,  there  would  be  no 
occasion  whatever  for  uneasiness  as  to  the  result. 

It  may  be  remarked  also,  that  even  if  precautions  are 
taken  to  adapt  the  joints  to  the  probable  results  of  settle- 
ments, by  setting  those  open  which  are  likely  to  bind  in 
settling,  and  by  setting  the  joints  close  which  are  likely 
to  open,  it  does  not  follow  that  the  pressure  will  so 
distribute  itself  as  to  produce  the  desired  effect.^ 

It  may  be  stated  besides,  that  in  diminishing  the 
depth  of  the  stones  composing  an  arch,  the  resistance 
which  the  arch-stones  oppose  to  pressure  is  not  di- 
minished in  the  same  degree,  especially  if  the  diminution 
in  that  respect  tends  to  increase  the  length  of  the  radius 
of  the  intrados  without  lowering  the  vertex  of  the  arch. 
In  fact,  by  reducing  the  substance  of  the  arch,  the 
weight  with  which  the  upper  part  is  charged  is  reduced, 
at  the  same  time,  in  a  considerable  degree. 

If  the  vertex  of  the  curv^e  of  extrados  is  not  depressed, 
then  no  change  is  made  in  the  arm  of  the  lever  by 
which    the    pressures    exercised    against    each     other, 

^  The  observations,  of  which  the  foregoing  is  the  substance,  have 
reference  to  a  mode  of  practice  which  is  not  pursued  in  this  country, 
and  which,  hterally  translated,  would  not  be  understood. 
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two   halves   of  the   arch,    support    the   super- 
ent  weight;    and  even  in  the  case  of  an   arch 
is  the  segment  of  a  circle,  or  of  one  composed  of 
s  curves,  this  arm  of  the  lever  is  increased,  be- 
the  effect  of  a  diminution  of  weight  in  the  upper 
of  the   arch  is  to  depress   the  joints  of  rupture. 
1  being  the  fact,  we  need  not  be  surprised  to  find  a 
siderable  difference  between  the  degrees  of  thickness 
wed  by  different  architects  to  arches  having  the  same 
aensions,  and  again,   to  the   diversity  that  is   found 
th  respect  to  the  resistance  which   various   sorts   of 
ones  offer  to  pressure.     For  though,  in  general,  stone 
lat  offers  the  most  resistance  is  likewise  the  heaviest, 
he  difference  found  between  the  degrees  of  resistance 
)f  which  various  sorts  of  stone  are  capable,   is  mud 
^eater  than  that  which   exists  between    their   specif 
gravities   respectively ;    so  that  with   harder   stone   t^ 
»ame  solidity  may  be  obtained  with  much  less  substanc 


^L— ON  THE  THEORY  OF  ARCHES,  AND  OBSERVATI 
ON  THE    FUNDAMENTAL    PRINCIPLES   ON   WHIC 
IS   GROUNDED. 

In  the  works  of  Perronet  we  find  a  description 
^-^tQ  which  manifested  themselves  in  the  large 

'  '^  under  his  direction,  both 
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struck.  He  has  pointed  out  methods  of  striking  the 
centering  so  as  not  to  subject  the  curvature  of  the 
arches  to  alteration,  and  noticed  what  precautions 
are  necessary  to  be  taken  in  setting  the  voussoirs. 
All  the  remarks  which  he  has  published  constitute  a 
consistent  system,  and  throw  much  Ught  on  this  subject. 

It  may  be  generally  remarked,  he  observes,^  that  the 
lower  courses  of  arch-stones  may  be  set  without  the 
assistance  of  centering,  which  becomes  necessary  only 
when  they  begin  to  slip  upon  one  another,  and  this 
usually  happens  when  the  beds  of  the  joints  form  with 
the  horizon  an  angle  of  about  40  degrees.  At  and  after 
that  point,  the  centres  begin  to  support  a  portion  of 
the  weight  of  the  arch-stones,  they  spread  at  the  base, 
and  where  a  reversed  centre  is  adopted,  it  rises  at  the 
vertex,  imless  hindered  from  doing  so  by  the  appUca- 
tion  of  a  weight  more  or  less  considerable. 

The  arch  of  St.  Edm^,  at  Nogent-sur- Seine,  appears 
to  be  the  work  for  which  these  elFects  have  been  observed 
and  described  with  the  greatest  care.  Its  form  is  a 
compound,  with  a  span  of  29"'24  (95* 9  feet),  and  a  rise 
of  8"*77  (2877  feet),  the  depth  of  the  key-stones  being 
at  the  vertex  l°^-62  (5-31  feet).  Each  half  of  the  arch 
is  composed  of  47  radiating  courses  of  stones,  without 
including  the  key-stone.  The  first  twenty  voussoirs 
being  placed,  the  five  last  separated  in  consequence  of 


'  Works  of  Perronet.     Essay  upon  setting  and  striking  the  centres 
of  bridges. 
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the  settling  of  the  centering  on  which  they  were  placed  ; 
the  joint  opened  20  millimetres  ('7874  inches)  at  the 
extrados  above  the  1 5th  course,  and  there  was  a  verti- 
cal disjunction  between  the  arch-stones  and  the  hori- 
zontal courses  of  the  spandrels,  the  effect  of  which  was 
felt  at  the  seventh  course.  As  the  structure  advanced 
these  joints  closed,  and  the  point  of  separation  between 
the  acting  and  resisting  points  having  been  carried  higher 
by  the  addition  of  a  greater  number  of  arch-stones,  the 
joints  opened  at  the  extrados  about  2  milUmetres  ('0787 
inches)  from  the  26th  to  the  31st  course. 

In  the  bridge  of  Neuilly,  the  arches  adjacent  to  the 
abutments,  which  are  composed  of  fifty-six  radiating 
courses  on  each  side  of  the  key-stone,  the  joints  succes- 
sively opened  at  the  extrados,  as  the  setting  of  the  arch- 
stones  advanced,  from  ^  millimetre  ('0197  inches)  to  5 
("1968  inches)  and  7  millimetres  ('2756  inches),  from 
the  11th  to  the  36th  course.  Similar  effects  have  been 
witnessed  in  several  other  bridges. 

After  the  key-stones  are  placed,  the  effects  produced 
by  the  weight  of  the  arch-stones  show  themselves  in 
a  different  manner.  The  centres,  which  before  had  been 
loaded  in  the  lower  part,  giving  the  vertex  a  tendency 
to  rise,  are  now  loaded  at  the  summit,  and  tend,  in 
consequence,  to  rise  in  the  haunches. 

In  the  arches  of  the  bridge  of  Neuilly  it  was  ob- 
served that  when  the  last  joints  which  had  opened  at 
the  extrados  closed,  new  joints  began  to  open  at  the 
intrados,  commaicing  at  the  key-stone  on  both  sides, 
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from  i  millimetre  ('0197  inches)  to  2  millimetres  (0787 
inches),  and  extending  from  the  11th  to  the  36th  course. 
In  the  bridge  of  Nogent,  the  vertical  disjunction  which 
had  taken  place  between  the  arch-stones  and  the  courses 
of  the  spandrels  almost  entirely  disappeared,  and  the  last 
joints  that  opened  at  the  extrados,  in  the  upper  parts 
of  the  arches,  also  closed  up. 

Before  the  centering  of  this  last  mentioned  bridge  was 
struck,  three  straight  lines  were  drawn  on  the  heads  of 
the  arch-stones,  corresponding  from  the  head  of  the  28th 
arch-stone  on  one  side,  to  the  head  of  that  on  the  other  ; 
the  other  two  were  incUned  and  drawn  over  the  haunches 
of  the  arch  from  the  extremities  of  the  first  Hne  to  the 
points  where  the  7th  course  meets  a  tangent  vertical  to 
the  springings  of  the  arch.  The  positions  of  the  extre- 
mities of  these  Unes  were  considered  to  be  fixed  points, 
and  the  object  was  to  ascertain,  by  means  of  the  change 
that  might  be  perceptible  in  their  position  and  in  their 
form,  what  would  be  the  play  or  movement  of  the  arch- 
stones  during  the  settlement  of  the  arch. 

The  curvature  of  the  upper  line  indicated  a  vertical 
settlement,  which  went  on  uniformly  diminishing  from 
its  middle  to  its  extremities.  As  for  the  other  two 
unes,  they  formed  in  their  curvature  a  point  of  in- 
flexion at  the  meeting  of  the  joint  of  the  16th  and 
17th  coiu'ses,  which  indicated,  besides  the  vertical 
settlement,  and  the  closing  of  the  joints  in  the  upper 
courses,  as  far  as  and  comprising  tlie  17th,  a  similar 
closing  up  in  the  joints  of  the  inferior  part,  which  was, 
besides,  found  to  be  thrust  towards  the  abutments. 
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It  is  a  natural  conclusion,  from  these  observations, 
which  may  be  repeated  on  all  constructions  of  the  same 
kind,  that  the  upper  part  has  no  tendency  to  drive  back 
the  lower  parts  by  sliding  upon  the  joints  of"  rupture,  as 
was  supposed  according  to  La  Hire,  and,  consequently, 
that  the  results  derived  from  calculations  upon  that 
hypothesis  must  be  erroneous.  To  obtain  an  accurate 
idea  of  the  nature  of  the  thrust,  it  is  necessary  to  con- 
sider successively  the  two  principal  epochs  in  the  con- 
struction of  an  arch. 

When  most  of  the  arch-stones  are  set,  and  are  ap- 
proacliing  towards  the  key-stone,  the  centre  is  loaded 
considerably,  as  it  supports  the  whole  weight  of  the  arch, 
and  it  suifers  in  consequence  an  action  which  is  especially 
felt  towards  the  vertex.  Every  stone  tends  downward 
in  proportion  to  its  proximity  to  the  key-stone,  and  it 
is  clear  that  any  stone  in  descending  must  turn  on  its 
lowest  axis,  whence  the  joint  must  open  at  the  extrados. 
This  separation  is  especially  sensible  at  the  point  where, 
because  of  the  inclination  of  the  beds  of  the  joint  com- 
pared .with  the  direction  of  the  weight,  the  vertical 
action  distributes  itself  more  imequally  over  the  sub- 
jacent arch-stones,  and  it  is  for  this  reason  that,  in  the 
bridge  of  Nogent,  the  most  open  joint  was  found  to  be 
placed  near  the  26th  couree. 

When  the  key-stone  is  set,  and  the  centering 
struck,  the  upper  parts  of  the  arch  DE  and  d^  are 
no  longer  supported  but  by  their  mutual  pressure,  and, 
by  reason  of  the  settlement  that  takes  place,  their  point 
of  common  support  is  of  course  carried  to  E  at  the 
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extrados  :  the  joints  then  tend  to  close  up,  as  has  been 
constantly  observed,  and  some  architects  have  endea- 
voured to  add  to  this  effect  by  driving  wedges,  the 
object  of  which  is  to  augment  the  solidity  of  the  arch, 
at  the  same  time  that  the  energy  of  the  pressure  which 
these  two  parts  of  the  arch  direct  against  one  another, 
and  by  means  of  which  they  are  mutually  supported, 
completes  the  compactness  of  the  structure. 

The  effort  of  this  pressure  is  however  necessarily 
carried  towards  the  abutments,  and  the  lower  parts  of 
the  arch,  which  it  has  a  tendency  to  throw  out  by 
making  them  turn  upon  their  exterior  arrises  K  and  k. 
Each  half  of  the  vault  is  separated  into  two  parts,  at 
certain  points  D  and  d,  which  serve  as  points  of  support 
to  the  upper  parts,  and  by  means  of  which  their  action 
is  transmitted  to  the  abutments ;  these  points  of  support 
are  necessarily  found  at  the  intrados.  If  the  abutments 
have  not  stability  enough  to  resist  the  action  of  the  arch, 
the  four  parts  will  fall,  turning  upon  the  points  K,  D, 
E,  d  and  k.  If  they  have  power  to  support  it,  the 
effect  of  the  settlement  will  be  confined  to  closing  up  the 
joints  at  the  extr^os  near  the  point  E,  and  at  the  in- 
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trados  near  the  points  d  and  D,  and  to  make  them  open 
at  the  intrados  near  the  point  E,  and  at  the  extrados 
near  the  points  D  and  d. 

The  position  of  the  points  d  and  D,  which  have  heen 
termed  points  of  rupture,  and  which  it  is  extremely  im- 
portant to  know  accurately,  depends  on  the  figure  of  the 
arch  and  the  distribution  of  the  weight  which  it  supports. 
In  the  bridge  of  Nogent,  of  which  we  have  spoken  above, 
theposition  of  the  jomts  liable  to  rupture  was  naturally 
indicated,  between  the  16th  and  17th  courses  of  arch- 
stones,  by  tlie  points  of  inflexion  on  the  two  lower  lines 
drawn  on  the  heads  of  the  arch-stones.  It  was  not 
possible  to  discover  it  by  tiie  same  means  in  the  bridge 
of  Neuilly,  by  reason  of  the  form  of  the  heads  df  the 
arch-stones,  which  are  in  an  arc  of  a  circle,  but  it  was 
found  that  the  points  of  rupture  were  placed  between  the 
26th  and  27th  courses,  because  it  was  in  that  spot  that 
the  joint  opened  most  at  the  extrados. 

It  is  obvious  that  arches  can  sink  only  in  the  same 
proportion  that  the  stones  nearest  to  the  key-stone,  to 
the  points  of  rupture,  and  the  base  of  the  abutments, 
detach  themselves  one  from  another,  by  turning  on  their 
upper  or  lower  arrises.  The  tenacity  of  mortar  may 
oppose  itself  to  this  eflfect,  and  that  tenacity  may  be  thus 
sufficient  to  hold  the  arch  together,  as  we  sometimes  find 
in  ancient  structures,  when  the  piers  or  abutments  have 
not  the  power  of  resistance  which  they  should  have.  At 
the  same  time,  the  adhesive  power  of  mortar  must  not 
be  trusted  to,  because  it  does  not  take  eflfect  until  after 
a  lapse  of  time ;  and  although  by  letting  the  centering 


remain,  we  may  afford  the  masonry  time  to  become 
perfectly  firm,  it  is  not  advisable  to  reckon  upon  any 
degree  of  strength  to  be  acquired  by  that  means,  and 
which  it  would  be  difficult,  besides,  to  compute  with  any 
degree  of  certainty. 

The  preceding  remarks  are  fully  confirmed  by  the 
observations  which  we  have  made  on  several  arches 
that  were  in  danger  of  falling,  and  on  those  which  we 
have  ourselves  had  occasion  to  take  down.  With 
respect  to  the  latter,  we  took  care  to  have  horizontal 
trenches  carefully  formed  in  their  piers,  and  we  have 
uniformly  observed  that  the  first  disjunctions  appeared 
at  the  intrados  near  the  key,  that  others  were  formed 
afterwards  towards  the  haunches,  where  their  greatest 
breadth  was  at  the  extrados,  and  that,  in  short,  the 
upper  part  was  depressed  by  dividing  itself  into  two 
principal  parts,  each  of  which  overturned  the  pier  that 
it  had  stood  upon. 

This  theory  is  equally  in  unison  with  the  direct  experi- 
ments which  we  undertook  to  make  on  this  subject. 
We  constructed  arches  in  the  full  semicircle,  and  in 
the  flat-vaulted  arcs  lowered  ^  and  ^,  and  others  in 
segments  of  a  circle.  Their  span  was  65  centimetres 
(25*59  inches)  ;  the  voussoirs,  27  milHmetres  (1003 
inches)  in  breadth  at  the  inside,  were  made  of  wood,  and 
cut  with  the  utmost  exactness.  We  endeavoured  to 
destroy  the  equilibrium  between  the  thrust  of  the  upper 
parts,  and  the  stabiUty  of  the  lower  ones,  both  by  di- 
minishing the  substance  of  the  piers,  and  by  loading 
the  summit  of  the  arch,  and  we  have  constantly  remarked 
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that  the  raptnie  had  a  tendency  to  cmeiate  after  Quo 
uaaamx  which  we  have  desciibed. 

These  ezperinients  have  been  repeated  on  a  hi^er 
scide  t^  M.  Boistard.'  The  arches  which  he  em|doyed 
were  constnicted  with  great  exactnesB  with  TouaBoin 
of  brides  wmi^t  as  stones,  the  thif^lnwmi  and  hfd^t 
of  the  joints  ai  which  were  109  milliinetres  (4*29  indtes}. 
The  ^an  ai  the  arches  was  2"-274  (7*46  feet),  and 
their  length  0"-22  (8-66  inches). 

Arffhtw  varying  in  fium  from  that  ai  a  aemicirde  to 
ahnost  perfect  flatness  have  been  made  with  theae  ma- 
terials, the  versed  sines  of  which  were  respectively  \,  ^, 
and  iS  of  the  aperture.  They  were  constructed  with  a 
centering,  and  their  rupture  occurred  upon  the  centering 
being  let  down  vertically  ;  whether  it  was  occasioned  by 
loading  the  crown  of  tlie  arch,  or  by  diminishing  the 
thickness  and  strength  of  the  abutments. 

Each  of  the  arches  which  we  have  mentioned  was 
subjected  to  three  principal  trials.  In  the  first,  the 
Youssoirs  were  cut  down  to  about  108  millimetres  (4'25 
inches)  in  depth,  and,  as  this  substance  was  not  suffi- 
cient to  enable  them  to  support  themselves  when  the 
centering  was  struck,  a  certain  number  of  the  voussoirs 
of  the  upper  part  sunk  in  a  vertical  direction  with  it, 
and  made  a  lodgement  on  its  summit.  The  two  lower 
parts  of  the  arch  then  produced  the  eflect  of  two  salient 
arcs,  and  divided  themselves  into  two  portions.     The 


^  See  a  work  entitled  RectieU'  d'eap&iencei  et  d'obtervattont  Jailet 
par  M.  Boistard. 


BRIDGES.  79 

last  joints  of  each  part  opened  at  the  intrados,  near 
both  the  upper  extremities,  and  the  springings  of  the 
arch,  and  the  rupture  had  a  tendency  to  show  itself 
towards  the  middle,  where  the  voussoirs  did  not  touch 
the  centering,  and  where  the  joints  opened  at  the  ex- 
trados. 

In  the  second  trial,  in  which  the  voussoirs  were  again 
cut  down,  a  certain  number  of  them  in  the  lower  part 
were  embraced  by  a  cord  that  was  drawn  over  the  ex- 
trados,  and  which  was  kept  stretched  by  a  weight. 
The  pressure  which  this  cord  produced  over  the  last 
voussoirs  counteracted  the  tendency  to  separate,  which 
the  upper  parts  of  the  arch  produced  ;  and  it  has  been 
constantly  observed — 1st,  that  if  the  weights  that  pro- 
duced the  tension  of  the  two  cords  were  not  sufficient 
for  the  equilibrium,  the  arch  broke,  opening  at  the  in- 
trados near  the  key-stone  and  near  the  springings, 
where  the  last  voussoir  tended  to  swing  round  upon  its 
exterior  arris,  and  at  the  extrados  in  the  haunches ; 
2ndly,  that  in  case  the  weights  were  sufficient  to  main- 
tain the  equiUbriimi,  the  same  joints  opened  again  in 
the  same  manner,  in  consequence  of  an  unavoidable 
movement,  but  the  action  of  the  weights  had  a  tendency 
to  bring  them  together  again,  and  they  opened  and  shut 
alternately  by  a  sort  of  oscillating  motion,  during  which 
the  parts  of  the  arch  turned  alternately  in  the  two  di- 
rections roimd  the  points  of  support  which  the  arrises 
of  the  consecutive  arch-stones  presented  to  them  ;  3rdly, 
that  finally,  when  the  tension  of  the  cord  was  so  great 
that  the  pressure  it  exercised  on  the  lower  parts  of  the 
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arch  was  capable  of  making  the  upper  parts  shoot  up, 
the  same  effects  were  displayed  in  an  opposite  direction, 
that  is  to  say,  that  the  arch  burst  at  the  key,  where  it 
opened  at  the  extrados,  at  the  haunches,  where  it  opened 
at  the  intrados,  and  at  the  springings,  where  the  last 
voussoir  turned  round  on  its  inner  arris.  When  the 
arches  were  raised  on  piers,  the  effects  were  precisely 
the  same,  except  that  the  piers  acted  with  the  lower 
parts  of  the  arch,  which,  in  falling,  tended  to  turn  round 
the  outer  arris  of  the  base  of  the  piers,  instead  of 
turning  round  that  of  the  voussoir  placed  at  the 
springings. 

In  the  third  trial,  buttresses  were  raised,  and  the 
spandrels  of  the  arch  were  filled  up  with  masonry  to 
a  level  with  the  vertex,  where  the  arch  was  stUi  108 
millimetres  (425  inches)  in  depth.  When  the  stability 
of  the  abutments  was  sufficient  to  resist  the  thrust,  the 
arch  retained  its  primitive  figure  after  the  centermg  was 
struck.  When  the  weight  on  the  upper  part  was  in- 
creased, the  arch  broke  in  the  usual  way,  and  the  posi- 
tion of  the  joints  of  rupture  In  the  haunches  was 
determined  by  the  weight,  and  the  manner  in  which 
it  was  distributed  at  the  crown  of  the  arch,  and  by  the 
height  of  the  piers  on  which  this  arch  was  sometimes 
raised.  It  was  generally  observed  that  when  the  arches 
were  not  raised  on  piers,  the  rupture  had  a  tendency  to 
appear  at  an  angle  of  about  30  degrees  of  the  semicircle 
describing  the  semi-arch,  or  towards  the  angle  of  50  de- 
grees of  the  small  arc,  in  the  flat-vaulted  arch  described 
with  three  arcs  of  a  circle.    The  point  of  rupture  usually 
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shoots  upwards  when  the  height  of  the  piers  is  increased, 
and  where  the  crown  of  the  arch  is  overloaded. 

All  these  experiments,  which  we  regret  our  inabiUty 
to  give  more  in  detail,  completely  confirm  the  principles 
which  we  have  laid  down  as  to  the  natm-e  of  the  settle- 
ments of  arches.^ 

The  result  is,  that  in  investigating  the  principles  of 
their  equiUbriimi,  we  may  (without  any  material  error) 
consider  them  as  systems  of  four  levers  KD,  DE,  Ed, 
dK,  each  loaded  with  the  respective  weight  of  the  parts 


of  the  vault  that  correspond  with  it,  and  capable  of 
turning  round  the  points  of  support  K,  D,  E,  d,  k, 
where  they  are  connected  by  hinges,  as  it  were  :  the 
position  of  the  points  d  and  D  depends,  for  each  parti- 


'  We  find  in  the  Etudes  relatives  cL  Vart  des  constructions,  published 
by  M.  Bruy^re,  inspector- general  of  roads  and  bridges,  first  edition, 
the  details  of  some  experiments  made  aboiit  the  year  1784  by  M. 
Lecreulx,  on  the  occasion  of  the  construction  of  the  bridge  of  Frouart. 
They  lead  to  the  same  results  as  those  specified  above,  and  are  parti- 
cularly remarkable  for  ascertaining  the  effect  of  the  division  of  a  mass 
of  abutments  into  many  parts. 
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cular  case,  on  the  form  of  the  arch,  and  the  distribution 
of  the  weight  with  which  it  is  loaded. 

The  same  principle  holds  good  with  regard  to  arches 
in  the  form  of  the  arc  of  a  circle,  and  to  plate-bandes  or 
flat  arches,  where  the  vault  and  its  abutments  form  a 
system  precisely  similar.  But  it  is  here  necessary  to 
remark,  that,  on  account  of  the  shape  of  the  arch,  the 
position  of  the  points  of  rupture  is  situated  at  the 
springing,  unless  the  vault  happens  to  have  the  versed 
sine  of  the  arc  described,  but  small  compared  with  the 
radius.  The  experiments  made  by  M.  Boistard  prove 
that  an  arc  whose  versed  sine  is  ^  of  the  chord  has 
its  joints  of  rupture  placed  at  the  springings,  where  the 
haunches  of  the  vault  are  filled  up  with  masonry. 

The  calculation  appUed  to  the  foregoing  theory  is 
clear  of  all  difficulties.  The  points  N,  M,  n,  m,  being 
those  in  which  the  levers  are  met  by  verticals  which 
pass  through  the  centres  of  gravity  of  the  corresponding 
parts  of  the  vault,  we  may  suppose  that  these  levers  are 
loaded  at  those  points  with  four  weights  equal  to  those 
of  these  parts,  and  it  will  be  requisite  to  determine  the 
relation  which  must  exist  between  the  weights  and  the 
direction  of  the  levers,  in  order  that  the  equilibrium  may 
be  maintained. 

Let  us  only  consider,  for  the  sake  of  more  simpUcity, 
the  half  of  the  vault,  which  is  divided  into  two  symme- 
trical parts  by  the  axis  EC,  and  let  us  suppose,  at 
first,  that  the  point  D  is  fixed ;  and  let  fi  be  the 
weight  applied  at  M.  No  change  will  be  made  in  this 
system    by   substituting   two   other  weights  ;    the  one 
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FO 

applied  at  E,  and  represented  by  /a.  ^pt^,^  and  the  other 

EF 
applied  at  D,  and  represented  by  fi,  =-^.     The  point  E 

will  then  be  loaded  by  a  weight  equal  to 

9     FQ 

and  there  will  result  from  it,  in  the  direction  of  the  lever 

ED,  a  pressure  represented  by 

FQ   ED 
^EQEQ' 

and  which,  if  the  point  D  were  really  fixed,  would  be 

destroyed  by  its  resistance,  as  well  as  the  effect  of  the 

vertical  force  m.  tprpc   which    is    applied    at    the    same 

EQ 

point.     But  as  this  point  D  is  situated  at  the  extremity 

of  another  lever,  which  has  its  point  of  support  in  K, 

and  which  is  loaded  at  the  point  N  with  a  new  weight, 

which  may  be  represented  by  i/,  it  will  be  necessary,  in 

order  to  maintain  the  equilibrium,  that  the  sum  of  the 

moments  of  these  different  forces,  taken  with  reference 

to  the  point  K,  be  nothing,  which  will  give  the  equation 

*  Let  W  =  weight  at  E,  and  <o  the  weight  at  D ;  then  W  -}-  ©  =  /x, 
W-|-«:  W::DE:  DM 
W-|-«  :  «  :  :  DE  :  EM 
but  DE  :  DM  :  :  EQ  :  FQ 
and  DE  :  EM  :  :  EQ  :  EF 
/.  W-fo,:  W::  EQ  :  FQ 
W  +  o,  :  «  ::  EQ  :  EF 
^^(W  +  a,)FQ_/x.FQ 
EQ  EQ 

_  (W-i-a))EF_/x.  EF 
** "         EQ         "~    EQ  ' 
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KV  being  a  perpendicular  let  fall  from  the  point  K  on 
the    Une  ED    produced,  KS    and   KR  the  horizontal 
distances  from  the  point  K  to  N  and  D. 
It  will  then  be  seen  that 

i^v^KU  DQ-DU'EQ» 

ED  ' 

and  substituting  this  value  in  the  preceding  equation,  it 
becomes 

and  if  we  wish  the  system  to  possess  stability,  we  must 
have 

M-  ^O*  EO'  ^^*  ^  ^'^^"l"^-  ^^• 

It  is  plain  that  the  value  of  the  thrust,  and  con- 
sequently the  thickness  that  must  be  allowed  to  the 
piers,  increase  with  the  value  of  FQ,  that  is  to  say, 
when  the  centre  of  gravity  of  the  upper  parts  of  the 
vault  approximates  to  its  vertex.  It  is  the  same  for  the 
horizontal   pressure  which  the  two  parts  of  the  vault 

*  The  triangles  GKV,  DGU  and  DEQ,  are  evidently  similar 

KV  :  KG  :  :  DQ  ;  ED 

...KV  =  £Ql^=(KU-GU)^Q. 
ED  ^  ^ED 


exert  upon  one  another  in  the  case  of  the  equiUbrium, 
as  is  clear  from  the  form  of  its  expression,  which  is 
evidently 

FQ  DQ 

^'  EQ*  EQ  * 

We  agree  with  the  remark  of  M.  Boistard,  that  a 
mistake  has  hitherto  prevailed  by  seeking  to  make  the 
sinking  of  a  vault  depend  on  the  diminution  of  the 
length  of  the  curve  of  the  intrados.  It  evidently  de- 
pends on  the  shortening  of  a  curve  DEd  (see  figure,  page 
75),  which  joins  the  points  by  which  the  arch-stones  lie  on 
each  other  near  the  joints  of  rupture,  and  which  may  be 
considered  also  as  joining  the  points  of  support  of  the 
intermediate  arch-stones.  The  nature  of  this  curve  is  not 
easily  determined,  but  it  may  be  considered,  in  its  appli- 
cation, without  any  sensible  error,  eis  being  of  the  same 
species  as  the  curve  of  the  intrados. 


XII.— APPLICATION  OF  THE  THEORY  TO  DETERMINE  THE 
THICKNESS  OF  PIERS  AND  ABUTMENTS. 

The  equation  a*^.  5^.  KU  =  /i.  KR  +  i;.  KS 

EQ  EQ 

contains  all  that  is  necessary  to  resolve  the  question 
which  makes  the  subject  of  the  present  section,  and  the 
only  point  is  to  find  a  value  of  B  K  that  will  satisfy  this 
equation,  or  rather  which  shall  render  the  second 
member  greater  than  the  first,  so  that  the  arch  may 
have  suflicient  stability.  That,  however,  supposes  that 
the  position  of  the  points  of  rupture  of  D  and  d  is 
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IfsoQim  d  priori,  a  ei]?ci»D9tanoe  vi^ielk  dow.no^ 
occur,  bat  whkb  it  is  necessary  pieflwdjf  t9  delmipie. 
In  order  to  do  so,  we  must  observe  that  the  poots 
should  be  so  placed^  tiiat  ^  nMnnentom  of  the  fince 
that  t«[ids  to  overturn  the  lover  part  should  be  the 
greittest  pQSsiUfi  in  prqportioa  to  the  jG^rcea  tibkat  tend 
to  retain  it  in  its  poaitkm.  It  is^  neo&mxy  ^nat^fym  to 
seek  for  a  valne  of  the  arc  iPD  that  corrosponda  nith 
the  mammim  of  the 


.» ' 


^EQEQ 

The  calculation  is  nearly  inmnctiGalda  6m  vfdm 
forming  a  complete  semicircle  by  reason  of  the  l^emmam* 
dental  qualities  which  the  nature  of  the  oun^  4i^ 
duces  into  this  formula,  and  it  becomes  aitnudty  m$X 
arches  that  are  composed  of  several  arcs,  HFe  ppli 
therefore,  have  recourse  to  an  indirect  methodt  wtiek 
consists  in  assuming  different  positions  of  the  point  D, 
and  determining  for  each  the  corresponding  value  of 
BK.  We  may  be  guided  in  this  species  of  guess-work 
by  the  example  of  well  known  bridges,  the  form  of 
which  resembles  that  of  the  one  in  question.  It  is  clear, 
moreover,  that  the  greatest  value  assigned  to  BK  will 
be  one  that  must  be  taken  into  consideration,  and  that 
the  position  of  the  points  of  rupture  will  be  deter-* 
mined  by  the  corresponding  value  of  the  arc  BD. 

The  following  table  contains  the  results  of  this  cal- 
culation  for  the  vaults  that  are  most  frequently  in  use* 
We  must  suppose  their  span  to  be  20~,  (^65*618  feet)^ 


the  thickness  at  the  key  to  be  one  metre,  (=3'2809  feet), 
and  the  extrados  level. 


Nature  of  the  arches. 

Thickness  of  the 
abutments. 

Position  of 
the  points 
of  ruptiu-e. 

Semicirciilar 

Hat  arches  v.t  —  l  span 

Do.        Do.    ido 

Circular  arc  of  60  degrees  on  piers  5 
metres  (=3 16*4  feet)  high  .... 

Metres.     Feet. 
045  =  1-476 
0-66  =  2-165 
0-82  =  2-690 

2-95  =  9-679 

Degrees. 
27 
45 
54 

0 

Note.  The  numbers  of  the  degrees  shown  in  the  third  column  are 
counted  from  the  abutments,  and  on  the  small  arc  in  the  flat  arches, 
supposmg  them  to  be  described  with  three  arcs  each  equal  to  the  sixth 
of  the  circumference. 

The  results  contained  in  the  above  table  are  much 
under  the  ordinary  dimensions,  and  the  theory  which  we 
have  explained  points  out  degrees  of  thickness  less  consi- 
derable than  those  hitherto  allowed  to  the  piers  of  bridges. 

On  this  subject  it  is  proper  to  observe  that  the  fore- 
going calculations  suppose  that  the  different  portions  of 
the  vaults  form  soUd  masses,  all  the  parts  of  which  are 
perfectly  connected,  and  not  subject  to  any  sinking. 
They  suppose,  Ukewise,  that  the  abutments  are  built 
upon  a  foundation  entirely  incompressible,  and  that,  in 
the  fell  of  the  arch,  these  abutments  would  turn,  without 
any  disjunction,  round  their  exterior  edge.  These  sup- 
positions are  generally  far  from  truth.  The  fall  of  a 
bridge  cannot  occur  without  some  disjunctions  in  the 
abutments,  with  whatever  care  they  may  have  been  con- 
structed ;  and  even  should  none  occur,  the  abutments 
could  not  turn  round  their  exterior  edge,  where  the 
stones  would  necessarily  be  crushed  under  the  pressure 
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thej^ciioidd  Ittve  to  siqiiiort,  wbddi  preasiire  it  should  be 
our  business,  finr  this  reason,  to  siibdivide  OTor  a  suffi- 
ci^itly  extensive  sui&oe.  With  respect  to  the  incom- 
presdbiltty  of  the  foundations,  tiiis  ocnuliticm  is  veary 
difficult  to  be  accurately  asc^rtainedi  especially  ^en 
the  masonry  is  not  placed  on  a  platform  resting  on 
piles ;  and  it  is  dear  that  the  down&U  of  the  greatest 
number  of  bridges  ou^t  to  be  i^tributed  to  the  fidlure 
of  the  supports.  But  as  the  foundation  is  the  more 
inccnnpressible  as  the  pressure  it  suppwts  is  distributed 
over  a  wid^.  sur&ce,  the  arcMtect  is  compdled  to  in- 
crease the  dimensions  of  the  points  of  sujq^XHTt  in  order 
to  adapt  the  physical  drcumstances  to  the  analytical 
hypothesis.^ 

^  It  iq^pean  tbat  the  eiqperinientB  of  Bdstard  gkv^  rise  to  diis  aew 
theoiy  bore  treated  of  by  GautiiejT*  and  ivbk&  Colonel  Aodoybasslioim 
to  eomeide  exactly  witb  tbat  of  Ckndomby  as  to  aa  ]^^ 
Tbe  tibeory  of  this  cddbiated  man  is  therefore  more  general*  aa  it  takes 
into  account  the  tendency  the  voussoirs  have  to  slide  on  each  other; 
and,  besides,  it  has  the  advantage  of  being  simpler  in  its  form.  See 
Garidel's  Tables  des  Pouss^es  des  VoC^tes  en  Rein  Cintre,  and  Navier's 
Notes  on  Gauthey. 
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I.— ON  THE  THEORY  OF  THE  ARCH. 
BY  THE  REV.  HENRY  MOSELEY,  M.A.  F.R.S. 

PROFESSOR    OF    NATURAL    PHILOSOPHY    AND    ASTRONOMY    IN    KINg's 

COLLEGE,    LONDON. 


GENERAL    CONDITIONS    OF    THE    EQUILIBRIUM    OF    A    STRUC- 
TURE   OF    UNCEMENTED    STONES. 

A  STRUCTURE  may  yield  under  the  pressures  to  which 
it  is  subjected  either  by  the  shpping  of  certain  of  its 
surfaces  of  contact  upon  one  another,  or  by  their 
turning  over  upon  the  edges  of  one  another ;  and  these 
two  conditions  involve  the  whole  question  of  its  sta- 
bility. 

Let  a  structure  MNLK,  fig.  1,  composed  of  a  single 
row  of  uncemented  stones  of  any  forms,  and  placed 
under  any  given  circumstances  of  pressure,  be  conceived 
to  be  intersected  by  any  geometrical  surface  1  2,  and 
let  the  resultant  a  A  of  all  the  forces  which  act  upon 
one  of  the  parts  M  N  2  1 ,  into  which  this  intersecting 
surface  divides  the  structure,  be  imagined  to  be  taken. 
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Conceive  then  this  intersecting  surface  to  change  its 
form  and  position  so  as  to  coincide  in  succession  with 
all  the  common  surfaces  of  contact  34,  5  6,  7  8,  910, 
of  the  stones  which  compose  the  structure  ;  and  let 
bB,  cC,  dD,  eE,  be  the  resultants,  similarly  taken  with 
a  A,  which  correspond  to  these  several  planes  of  inter- 
section. 

In  each  such  position  of  the  intersecting  surface,  the 
resultant  spoken  of  having  its  direction  produced,  w^ill 
intersect  that  surface  either  within  the  mass  of  the 
structure,  or,  when  that  surface  is  imagined  to  be  pro- 
duced, udthout  it.  If  it  intersect  it  without  the  mass  of 
tlie  structure,  then  the  whole  pressure  upon  one  of  the 
parts,  acting  in  the  direction  of  this  resultant,  will 
cause  that  part  to  turn  over  upon  the  edge  of  its 
common  surface  of  contact  with  the  other  part  ;  if 
it  intersect  it  within  the  mass  of  the  structure,  it 
will  not. 

Tlius,  for  instance,  if  the  direction  of  the  resultant 
of  the  forces  acting  upon  the  part  N  M  1  2  had  been 
a  A',  not  intersecting  the  surface  of  contact  1  2  within 
the  mass  of  the  structure,  but  when  imagined  to  be 
produced  beyond  it  to  a  ;  then  the  w  hole  pressure  upon 
this  part  acting  in  r/A'  would  have  caused  it  to  turn 
upon  the  edge  2  of  the  surface  of  contact  1  2  ;  and 
similarly  if  the  resultant  had  been  in  a' K\  then  it 
would  have  caused  the  mass  to  revolve  upon  the  edge 
1.  The  resultant  having  the  direction  oA,  the  mass 
will  not  be  made  to  revolve  on  either  edge  of  the  surface 
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Thus  the  condition  that  no  two  parts  of  the  mass 
should  be  made  by  the  insistent  pressures  to  turn  over 
upon  their  common  surfaces  of  contact  is  involved  in 
this  other,  that  the  direction  of  the  resultant,  taken  in 
respect  to  every  position  of  the  intersecting  surface, 
shall  intersect  that  surface  actually  within  the  mass  of 
the  structure. 

K  the  intersecting  surface  be  imagined  to  take  up  an 
infinite  number  of  different  positions,  1  2,  3  4,  5  6,  &c., 
and  the  intersections  with  it,  a,  b,  c,  d,  &c.,  of  the  direc- 
tions of  all  the  corresponding  resultants  be  found,  then 
the  curve  line  ab  cdef  joining  these  points  of  inter- 
section is  that  to  which  I  have  given  the  name  of  the 

LINE  OF  RESISTANCE. 

This  line  can  be  completely  determined  by  the  methods 
of  analysis  in  respect  to  a  structure  of  any  given  geome- 
trical form  having  its  parts  in  contact  by  surfaces  also  of 
given  geometrical  forms.  And  conversely,  the  form  of 
this  line  being  assumed,  and  the  direction  which  it  shall 
have  through  any  proposed  structure,  the  geometrical 
form  of  that  structure  may  be  determined,  subject  to 
these  conditions  ;  or  lastly,  certain  conditions  being 
assumed  both  as  it  regards  the  form  of  the  structure 
and  its  line  of  resistance,  all  that  is  necessary  to  the 
existence  of  these  asmmed  conditions  mav  be  found. 
Let  the  structure  ABDC,  fig.  2,  have  for  its  line  of  re- 
sistance the  line  PQ.  Now,  it  is  clear  that  if  this  line 
cut  the  surface  MN  of  any  section  of  the  mass  in  a 
point  n  without  the  surface  of  the  mass,  then  the 
resultant  of  the  pressures  upon  the  mass   CMN   will 


o 


revolve  about  the  nearest  point  N  of  the  intersection 
of  the  surface  of  section  MN  with  the  surface  of  the 
structure. 

Thus,  then,  it  is  a  condition  of  the  equiUbrium  that 
the  line  of  resistance  shall  intersect  the  common  surface 
of  contact  of  each  two  contiguous  portions  of  the  structure, 
actually  within  the  mass  of  the  structure ;  or,  in  other 
words,  that  it  shall  actually  go  through  each  joint  of 
the  structure,  avoiding  none :  this  condition  being 
necessary,  that  no  two  portions  of  the  structure  may 
revolve  on  the  edges  of  their  common  surface  of 
contact. 

But  besides  the  condition  that  no  two  parts  of  the 
structure  should  turn  upon  the  edges  of  their  common 
surfaces  of  contact,  which  condition  is  involved  in  the 
determination  of  the  line  of  resistance,  there  is  a 
second  condition  necessary  to  the  stability  of  the  struc- 
ture. Its  surfaces  of  contact  must  no  where  slip  upon 
one  another.  That  this  condition  may  obtain,  the 
resultant  corresponding  to  each  surface  of  contact  must 
have  its  direction  within  certain  Umits.^     These  limits 

*  The  resistance  of  surfaces  is  not  exerted  exclusively  in  the  direction 
of  the  normal,  according  to  an  hypothesis,  which  was  probably  intro- 
duced into  the  theory  of  Statics  in  order  to  simplify  the  investigations 
of  those  who  originated  that  science,  but  which  there  seems  no  reason 
for  retaining  any  longer.  It  is  exerted  in  an  infinite  number  of  dif- 
ferent directions  included  within  a  certmn  angle  to  the  normal,  or  rather 
within  the  surface  of  a  certain  right  cone,  having  the  normal  for 
its  axis  and  the  point  of  resistance  for  its  vertex.  Any  force,  however 
great,  applied   within    this   conical    surface,  will  be  sustained  by  the 
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are  defined  by  the  surface  of  a  right  cone,  having  the 
normal  to  the  common  surface  of  contact  at  the  above- 
mentioned  point  of  intersection  of  the  resultant  for  its 
axis,  and  having  for  its  vertical  angle  twice  that  whose 
tangent  is  the  coefficient  of  friction  of  the  surfaces.  If 
the  direction  of  the  resultant  be  ivithin  this  cone,  the 
surfaces  of  contact  will  not  slip  upon  one  another ;  if 
it  be  without  it,  they  will. 

Thus  then  the  directions  of  the  consecutive  resultants 
in  respect  to  the  normal  to  the  point  where  each  inter- 
sects its  corresponding  surface  of  contact,  are  to  be 
considered  as  important  elements  of  the  theory. 

Let  then  a  line,  ABCDE,  fig.  1,  be  taken,  which  is 
the  locus  of  the  consecutive  intersections  of  the  result- 
ants a  A,  6B,  cC,  rfD,  &c.  This  line  I  have  called 
the  LINE  OF  PRESSURE.     Its  geometrical  form  may  be 

resistance  of  the  surface  of  the  mass — and  no  force,  however  small, 
without  it.  . 

Let  R  represent  a  single  force,  or  the  resultant  of  any  number  of 
forces  applied  to  a  fixed  surface,  and  let  R'  and  R"  be  the  resolved 
parts  of  R  iu  the  directions  perpendicular  and  paraUel  to  the  surface. 
Also  let  p  be  the  inclination  of  R  to  the  vertical,  and  /  the  coefficient 
of  friction.  The  friction  of  the  surfaces  in  contact  is  therefore  repre- 
sented by  yR',  and  motion  will,  or  will  not,  ensue  according  as  R" 

R" 
is  greater  or  is  not  greater  than/R'.    Or,  according  as  — j   is   greater 

R 
or  is  nt  greater  than  /.  Or,  if  /=tan.  <^,  according  as  tan.  p  is,  or 
is  not,  greater  than  tan.  </>,  or  as  p  is  greater  or  is  not  greater  than  (p. 
In  the  remainder  of  this  paper  the  angle  (/>,  or  tan.~^/,  will  be  called 
the  limiting  angle  of  resistance.  Tliis  principle  of  the  resistance  of  a 
surface  was,  I  beheve,  first  given  in  my  paper  on  the  Equilibrium  of 
the  Arch,  read  before  the  Cambridge  Philosophical  Society  in  December, 
1833,  and  pubhshed  in  the  fifth  volume  of  their  Transactions. 
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detemoined  under  the  same  drcomatances  as  that  of 
the  line  of  resistance.  A  strai^t  line  eC  drawn  from 
the  point  c,  where  the  line  of  rbsistancb  abed  inter- 
secta  any  joint  5  6  of  the  structnra,  so  as  to  touch  the 
LINE  OF  PBB88UBB  ABCD,  will  determine  the  direction 
of  the  resultant  pressure  upon  that  joint :  if  it  lie  within 
the  cone  spoken  of,  the  structure  will  not  eljp  upon  that 
joint ;  if  it  lie  without  it,  it  will. 

Thus  the  whole  theory  of  the  equilibrium  of  any 
structure  is  involved  in  the  determination  with  respect 
to  that  structure  of  these  two  lines — the  line  of  resist- 
ance, and  the  line  of  pressure.  One  of  these  lines, 
the  line  of  resistance,  determining  the  point  of  applica- 
tion of  the  resultant  of  the  pressures  upon  each  of  the 
surfaces  of  contact  of  the  system ;  and  the  other,  the 
line  of  pressure,  the  direction  of  that  resultant. 

The  determination  of  both,  I  have  shown,  to  be, 
under  their  most  general  forms,  within  the  resources  of 
analysis,  and  I  have  ^ven  general  equations  for  their 
determination  in  that  case,  in  which  all  the  surfaces  of 
contact  or  joints  are  planes — the  only  case  which  oflers 
itself  as  a  practical  case.  The  analytical  discussion  of 
these  equations  is  reserved  for  a  subsequent  paper ;  my 
present  object  is  to  ^ve  a  general  account  of  their  appU- 
cation  to  various  practical  questions  of  construction.  My 
researches  have  been  confined  to  that  class  of  prismatic 
structures,  the  geometrical  form  of  any  of  which  may  he 
conceived  to  be  generated  by  the  motion,  parallel  to  itself, 
of  a  vertical  plane  of  given  form  and  dimensions.  Such 
structures  are  represented  in  figures  3,  4,  5,  6,  &c. ;  they 
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include  every  form  of  the  pier,  the  buttress,  the  plate 
bande,  the  revetment  wall,  the  stone  embankment,  and 
the  arch.  I  have  supposed  their  common  surfaces  of 
contact  to  be  planes,  and  the  forces  acting  on  them 
to  be  the  weights  of  their  parts,  and  other  forces 
applied  from  without,  but  all  acting  in  vertical  planes, 
and  appUed  uniformly  along  the  horizontal  breadth  of 
each  structure.  I  have  first  considered  that  class  of 
structures  (including  all  those  enumerated  above,  except 
the  arch)  in  which  the  planes  of  section  are  all  parallel 
to  one  another.  I  have  determined  the  general  equa- 
tions   to    the    LINES     OF     RESISTANCE     AND     PRESSURE    iu 

respect  to  this  great  class  of  structures,  and  I  have 
shown  that  when  the  planes  of  section  are  vertical  planes, 
these  tw^o  lines  coincide. 

In  applying  these  equations  I  have  first  supposed  the 
various  external  pressures  sustained  by  each  structure 
to  be  appUed  only  to  certain  portions  of  its  surface,  as 
for  instance  its  extremities,  or  the  surfaces  of  a  few  of 
the  stones  near  its  extremities,  and  I  have  thence  deter- 
mined the  form  and  direction  of  the  line  of  resistance 
through  the  rest  of  the  structure.  Upon  this  hypothesis 
I  find  the  equation  to  the  line  of  resistance  PR  ST, 
of  the  trapezoidal  structure,  fig.  6,  to  be  (under  its 
most  general  form)  one  of  three  dimensions  ;  showing 
that  if  the  mass  be  imagined  to  be  sufficiently  extended 
it  will,  under  certain  circumstances,  cut  the  extrados 
in  three  distinct  points,  R,  S,  T  ;  at  each  of  which 
points  rupture  will  therefore  take  place,  unless  some 
external    resistance    be   there  applied  to    the   extrados. 
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The  highest  of  these  points,  R,  marks  that  section  whicli 
must  tenoinate  the  structure,  that  it  may  stand  unsup- 
ported under  its  insistent  pressures. 

Certmn  assumed  values  of  the  arbitrary  constant, 
which  enter  into  the  equation  to  this  line  of  resistance, 
conyert  it  into  the  line  of  resistance  of  a  buttress, 
fig.  7,  with  one  or  both  of  its  faces  AB  and  DC  inclined 
to  the  vertical :  an  inclined  pier,  figs.  8,  9 ;  an  upright 
pier,  fig.  10 ;  or  a  plate  bande  in  a  horizontal  or  an 
inclined  position,  and  of  an  imiform  and  variable 
width,  figs.  11.  12,  13. 

In  a  pier  or  wall,  figs.  7,  9,  10,  of  imiform  thickness, 
whose  &ce  is  inclined  to  the  vertical  at  any  angle, 
and  whidi  has  its  parallel  planes  of  section  inclined 
to  it  at  fmy  ^ven  angle,  the  line  of  resistance  is  always 
an  hyperbola  whose  magnltode  and  position  are  readily 
determinable  in  terms  of  the  thickness  of  the  mass  and 
the  magnitudes,  directions,  and  points  of  application  of 
the  insistent  forces. 

In  the  case  of  an  upright  pier  or  uniform  wall,  fig.  10, 
the  asymptote  of  this  hyperbola  is  a  vertical  line  KE. 
The  pier  will  not  be  overthrown  by  the  insistent  pressures, 
however  high  it  may  be  buUt,  provided  this  asymptote 
(determined  in  respect  to  those  pressures)  be  found  to 
be  (as  in  the  figure)  within  the  mass  of  the  pier. 

In  the  case  of  the  uniform  plate  bande,  figs.  12,  13, 
where  the  planes  of  section  are  all  vertical,  the  line  of 
resistance  is.  always  a  parabola,  and  it  coincides  with 
the  line  of  pressure.  The  intersecting  planes  have,  up 
to  this  period  of  the  investigation,  been  supposed  to  be 
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parallel  to  one  another.  Let  this  hypothesis  now  be 
discarded,  and,  as  the  simplest  case  of  a  section  of 
variable  inclination,  let  its  plane  be  supposed  always 
to  pass  tlirough  the  same  horizontal  axis.  This  case 
includes  that  of  the  circular  arch  under  its  most 
general  form,  and  to  this  case  my  further  researches 
have  been  limited. 

I  have  supposed  certain  forces  to  be  applied  to  one 
extremity  of  a  structure  thus  intersected,  and  resting 
by  its  other  extremity  upon  an  immoveable  base.  As 
for  instance  a  semi-arch,  fig.  14,  resting  by  its  extremity 
B  upon  its  abutments,  and  supported  by  a  given  force 
P,  appUed  to  the  key-stone  AD,  instead  of  the  pressure 
of  an  opposite  semi-arch.  On  this  hypothesis  the  equa- 
tion to  the  Une  of  resistance  may  be  completely  deter- 
mined in  respect  to  an  arch  of  equal  voussoirs  sub- 
jected to  any  variety  of  loading.  With  a  view  to  this 
general  determination  I  have  first  supposed  the  loading 
to  be  collected  over  a  single  point  X  of  the  semi-arch ; 
and  on  this  hypothesis  I  have  found  the  equation 
to  the  line  of  pressure  in  terms,  of  the  inclination  of 
the  joint  AD  of  the  key-stone  (that  is,  of  the  line  CD) 
to  the  vertical,  the  angle  ACB  of  the  segment  of  the 
arch,  the  common  depth  AD  of  the  voussoirs  the  point 
of  application,  and  the  magnitude  of  the  force  P  and 
the  weight  X.  This  determination  evidently  inckides 
the  cases  of  the  loaded  Gothic  and  segmental  arches  ; 
and  were  the  magnitude  and  point  of  application  of  the 
force  P  known,  it  would  constitute  a  complete  deter- 
mination of  the  equihbrium  of  the  structure. 


which  that  semi-arch  is  in  contact  wit 
the  key  ;  and  the  amount  of  this  result 
it  pass  through  the  middle  of  the 
extremities,  are  necessary,  but,  up  to  t 
investigation,  unknown  elements  of  th 
other  principle  of  mechanical  action  i 
into  the  conditions  of  the  equilibriui 
place  at  this  period  of  the  discussion. 

That  other  principle  is  this,  that  of 
which  can  be  apphed  to  the  key,  differe 
of  application  and  amount,  but  all  coi 
equilibrium  of  the  semi-arch,  that  \\ 
sustains  by  the  pressure  of  the  oppo 
the  least.  This  condition  of  minimun 
key  supplies  mathematically  all  tliat  is 
complete  determination  of  that  pressu 
the  theory. 

The  demonstration  of  it  is  easy.     Th 
an  opposite  semi-arch  would  produce  i 
of  the  key-stone,  fig.  2,  is  equal  to  the 
semi-arch  to  revolve  forwards  upon  t 
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arches,  therefore,  to  be  equal  in  every  respect,  and 
equally  loaded,  it  is  equal  to  the  least  force  which  would 
support  the  semi-arch  ABDC. 

Suppose  the  mass  ABDC,  fig.  2,  to  be  acted  upon 
by  any  number  of  forces  among  which  is  the  force  Q 
being  the  resultant  of  certain  resistances,  supplied  by 
different  points  in  a  surface  BD,  common  to  the  inter- 
sected mass  and  to  an  immoveable  obstacle  BE. 

Now  it  is  clear  that  under  these  circumstances  we 
may  vary  the  force  P,  both  as  to  its  amount,  direction, 
and  point  of  application,  without  disturbing  the  equili- 
brium, provided  only  the  form  and  direction  of  the  line 
of  resistance  continue  to  satisfy  the  conditions  imposed 
by  the  equilibrium  of  the  system. 

These  have  been  shown  to  be  the  follo\\dng, — that  it 
no  where  cut  the  surface  of  the  mass,  except  at  P,  and 
within  the  space  BD,  and  that  it  no  where  cut  any 
section  MN  of  the  mass,  or  the  common  surface  BD 
of  the  mass  and  obstacle,  at  an  angle  with  the  perpen- 
dicular to  that  surface,  greater  than  the  Umiting  angle 
of  resistance. 

Thus,  varying  the  force  P,  we  may  destroy  the  equi- 
librium, either,  first,  by  causing  the  line  of  resistance 
to  take  a  direction  without  the  limits  prescribed  by 
the  resistance  of  any  section  MN  through  which  it 
passes,  that  is,  without  the  cone  of  resistance  at  the 
point  where  it  intersects  that  surface ;  or,  secondly, 
by  causing  the  point  Q  to  fall  without  the  surface  BD, 
in   which   case   no    resistance   can    be   opposed   to   the 


of  resistance  would  cut  the  surface,  that   is,   pi 
the  force  P  be  necessarj'^  to  the  equiUbrium ;  it 
that  by  diminishing  it,  we  may  vary  the  directi( 
curvature  of  the  line  of  resistance  until  we  at 
make  it   touch  some   point   or  other  in  the  sur] 
the  mass. 

And  this  is  the  limit ;  for  if  the  diminution  be 
further,  it  will  cut  the  surface,  and  the  equilibriii 
be  destroyed.  It  appears  then  that  under  the  c 
stances  supposed,  when  P,  acting  at  a  given  poii 
in  a  given  direction,  is  the  least  possible,  the  J 
resistance  touches  the  interior  surface  or  intrados 
mass. 
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In  the  same  manner  it  may  be  shown,  that  when 
it  is  the  greatest  possible,  the  line  of  pressure  touches 
the  exterior  surface  or  extrados  of  the  mass. 

I  have  here  supposed  the  direction  and  point  of 
appUcation  of  P  in  AC  to  be  given  ;  but  by  varying 
this  direction  and  point  of  application,  the  contact  of 
the  line  of  resistance  with  the  intrados  of  the  arch 
may  be  made  to  take  place  in  an  infinite  variety  of 
diflferent  points,  and  each  such  variety  supplies  a  new 
value  of  P.  Among  these,  therefore,  it  remains  to 
seek  the  absolute  maximum  and  minimum  values  of 
that  force. 

In  respect  to  the  direction  of  the  force  P,  or  its 
inclination  to  AC,  it  is  at  once  apparent  that  the  least 
value  of  that  force  is  obtained,  whatever  be  its  point 
of  application,  when  it  is  perpendicular  to  AC. 

There  remain  then  two  conditions  to  which  P  is  to  be 
subjected,  and  which  involve  its  condition  of  a  minimum. 
The  Jirst  is,  that  its  amount  shall  be  such  as  will  give 
to  the  line  of  resistance  a  point  of  contact  with  the  in- 
trados. The  second,  that  its  point  of  application  in  the 
key-stone  AC  shall  be  such  as  to  give  it  the  least 
value  which  it  can  receive,  subject  to  the  first  con- 
dition. 

I  have  determined  the  value  of  P  subject  to  these 
conditions  in  a  paper  read  before  the  Cambridge  Phi- 
losophical Society  in  May  1837,  and  published  in  the 
6th  volume  of  their  Transactions.  The  equations  in- 
volving that  value  admit  of  a  complete  solution,  and 
determine  it  for  every  form  and  dimension  of  the  broken 
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or  Gothic  arch,  and  the  complete  Begment,  and  for 
every  drcumstance  of  its  loading. 

The  condition  however  that  the  reEoiltant  pressure 
upon  the  key-stone  is  subject  in  respect  to  the  position 
of  its  point  of  appUcation  on  the  key-stone  to  the  con- 
dition of  a  minimum,  is  dqwndent  upon  hypothetical 
qualities  of  the  masonry.  It  supposes  an  unyielding 
material  for  the  arch-stones,  and  a  mathematical  adjust- 
ment of  their  surfaces.  These  have  no  existence  in 
practice.  On  the  striking  of  the  centres  the  arch  in- 
variably sinks  at  the  crown,  its  voussolrs  there  slightly 
opening  at  their  lower  edges,  and  pressing  upon  one 
another  exclusively  by  their  upper  edges.  Practically 
the  line  of  resistance  then,  in  an  arch  of  uiicemenied 
stones,  touehea  the  extrados  at  the  cron'n  ;  so  that 
only  the  first  of  tlie  two  conditioiis  of  the  minimum 
stated  above  actually  obtains  :  that,  namely,  which 
gives  to  the  line  of  resistance  a  contact  with  the 
intrados  of  the  arch.  This  condition  being  assumed, 
all  consideration  of  the  yielding  quahty  of  the  mate- 
rial of  the  arch  and  its  abutments  is  eliminated.  It 
will  thus  be  discussed  in  what  remains  of  this  paper. 

To  simplify  the  analytical  discussion  of  the  question 
I  have  hitherto  assumed  the  load  upon  the  semi-arch 
to  be  placed  over  a  single  point  of  it  X,  fig.  14.  I  now 
imagine  it  to  be  distributed  in  any  way  over  the  extrad(w, 
but  symmetrically  in  respect  to  the  two  opposite  semi- 
archea.  The  centre  of  gravity  of  this  load  on  each  semi- 
arch  being  determined,  it  is  evident  that  the  horizontal 
thrust  P  on  the  key-stone  of  the  arch  will  be  the  same 
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if  the  whole  load  upon  it  be  imagined  to  be  collected  in 
these  two  centres  of  gravity.  I  determine  then  the 
horizontal  thrust  P  on  this  hypothesis  of  a  concen- 
trated loading  :  this  determination  being  made,  the  data 
necessary  to  the  analytical  discussion  of  the  question  are 
complete,  all  the  forces  acting  upon  a  mass  ASTD 
of  the  arch  and  its  loading  intercepted  between  the 
crown  and  any  inclined  position  CT  of  the  radius  are 
given,  and  the  equation  to  the  true  hue  of  resistance 
under  any  given  circumstances  of  loading  is  determinable 
in  terms  of  the  radius  vector  CR  and  the  angle  ACS. 
The  equation  determining  the  value  of  P  is  unfortunately 
one  of  a  high  order,  involving  circular  functions  of  com- 
plicated forms ;  and  the  solution  of  it  otherwise  than 
by  approximation  is  perhaps  to  be  despaired  of.  The 
small  value  of  the  ratio  of  the  depth  AD  of  the  vous- 
soirs,  in  the  majority  of  practical  cases,  to  the  radius 
CA  of  the  arch  in  terms  of  which  ratio  the  value  of 
P  is  expressed,  suggests  a  developement  of  the  value 
of  P  in  a  series  of  terms  ascending  by  powders  of  this 
ratio.  To  effect  this  developement  I  have  called  to  my 
aid  the  theorem  of  Lagrange,  using  two  terms  only  of 
that  theorem,  and  not  therefore  extending  the  approxi- 
mation beyond  the  first  power  of  the  ratio.  It  might 
perhaps  be  expedient  in  some  cases  to  extend  it  to  the 
second ;  beyond  this  limit  no  practical  enquiry  need  how- 
ever be  carried. 

The  Une  of  resistance  being  fully  determined,  the 
point  Q,  fig.  2,  where  the  resultant  pressure  of  the 
whole  semi-arch  intersects,  the  supporting  surface  BD 
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of  the  abutment  becomes  known,  and  also  the  da^eetion 
of  this  resultant  pressure.  Now  all  the  drcumstaDces 
which  determine  the  equilibrium  of  an  abutment,  subject 
at  a  given  point  to  a  given  insistent  pressure,  I  have 
before  discussed,  and  I  have  detennined  its  line  of  re- 
sistance under  these  circumstances :  that  line  of  re- 
sistance evidently  unites  with  that  of  the  arch  at  this 
point— this  line  of  pressure  is  therefore  completely 
known,  and  the  conditions  of  the  equilibrium  of  the 
piers  or  other  abutments  of  the  ardi,  and  of  the  ardi' 
itself,  are  determined. 

I  have  hitherto  considered  the  form  of  the  solid  to 
be  given,  together  with  the  positions  of  the  different 
sections  made  through  it,  and  I  have  thence  the  forms 
of  its  lines  of  resistance  and  pressure,  and  their  directions 
through  its  mass. 

It  is  manifest  that  the  converse  of  this  operation  is 
possible. 

Having  given  the  form  and  position  of  the  line  of 
resistance  or  of  pressure,  and  the  positions  of  the  dif- 
ferent  sections  to  be  made  through  the  mass,  I  may  for 
instance  enquire  what  form  these  conditions  impose 
upon  the  surface  which  bounds  it. 

Or  I  may  make  the  direction  of  the  line  of  resistance 
or  pressure  and  the  form  of  the  bounding  surface  sub- 
ject to  certain  conditions  not  absolutely  determining 
either. 

For  instance,  if  the  form  of  the  intrjidos  of  an  arch 
be  given,  and  the  direction  of  the  intersecting  plane  be 
always  perpendicular  to  it,  and  if  I  suppose   the  line 
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of  pressure  to  intersect  this  plane  always  at  the  same 
given  angle  with  the  perpendicular  to  it,  so  that  the 
tendency  of  the  pressure  to  thrust  each  from  its  place 
may  be  the  same, — I  may  determine  w^hat  under  these 
circumstances  must  be  the  extrados  of  the  arch. 

If  this  angle  equal  constantly  the  limiting  angle  of 
resistance,  the  arch  is  in  a  state  bordering  upon  motion, 
each  voussoir  being  upon  the  point  of  slipping  down- 
wards or  upwards,  according  as  the  constant  angle  is 
measured  above  or  below  the  perpendicular  to  the  sur- 
face of  the  voussoir. 

The  systems  of  voussoirs  which  satisfy  these  two 
conditions  are  the  greatest  and  least  possible. 

If  the  constant  angle  be  zero,  the  line  of  pressure 
being  every  where  perpendicular  to  the  joints  of  the 
voussoirs,  the  arch  would  stand  even  if  there  were  no 
friction  of  their  surfaces. 

It  is  then  technically  said  to  be  equilibrated,  and  the 
equilibrium  of  the  arch  according  to  this  single  condition 
constituted  the  theory  of  the  arch  so  long  in  vogue, 
and  so  w^ell  known  from  the  w^orks  of  Emerson,  Hutton, 
Whewell,  &c.  It  is  impossible  to  conceive  any  arrange- 
ment of  the  parts  of  an  arch  by  which  its  stability  can 
be  more  effectually  secured,  so  far  as  the  tendency  of 
its  vorissoirs  to  slide  upon  one  another  is  concerned  : 
there  is  however,  I  believe,  no  practical  case  in  which 
this  tendency  really  affects  the  equilibrium.  So  great 
is  the  limiting  angle  of  resistance  in  respect  to  all  the 
kinds  of  stone  used  in  the  construction  of  arches  that 


18  PROFESSOR  MOSELEY^S 

it  vould  be  exceedingly  dijtatlt  to  constnict  an  arch, 

the  resultant  pressure  upon  any  of  the  joints  of  which 
should  lie  without  this  angle,  or  which  should  yield  by 
the  slipping  of  any  of  its  voussoirs. 

The  theory  stated  above  readily  explains  the  pheno- 
mena obseired  in  the  settlement  of  the  arch. 

In  the  case  of  a  trapezoidal  mass  placed  in  any  inclined 
pontion  and  intersected  by  parallel  planes,  1  have  inves- 
tigated in  my  first  paper  (Cambridge  Phil.  Trans.,  vol.  v. 
part  3)  tlie  equation  to  the  line  of  pressure,  and  I 
have  ascertained  it  to  be  one  of  three  dimensions, 
having  a  point  of  contrary  fiexure.  This  case  of  a 
trapezoidal  mass  thus  obliquely  placed  approaches  suf- 
ficiently near  to  that  of  the  arch,  to  indicate  the  ex- 
istence of  a  similar  point  of  contrary  flexure  in  the 
line  of  pressure  to  the  arch.  Now  it  is  evident  that 
since  the  directions  of  the  pressures  on  the  successive 
joints  are  all  tangents  to  the  line  of  pressure,  this 
point  of  contrary  dexure  in  It,  shows  a  change  to  take 
place,  somewhere,  in  the  directions  of  the  pressures  ia 
respect  to  their  inclinations  to  the  joints ;  the  inclina- 
tions of  the  pressures  at  all  the  joints  above  a  certain 
one,  being  downwards  or  towards  the  intrados,  and 
those  below  it  upwards  or  from  the  intrados. 

Hence,  therefore,  it  appears  that  the  tendency  of  the 
pressure  is  to  cause  aH  the  voussoirs  above  the  jwnt 
spoken  of  to  slide  downwards,  and  those  beneath  that 
joint,  upwards ;  and  that  tliese  effects  may  be  expected 
to  follow  the  striking  of  the  centre  of  the  arch  j  the 
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weight  being  then  suddenly  thrown  upon  the  voussoirs, 
and  these  admitting  of  a  certain  degree  of  motion,  in  the 
directions  of  the  forces  impressed  upon  them. 

Now  this  is  precisely  what  was  observed  at  the  bridge 
of  Nogent,  of  the  construction  of  which  Perronet  has 
left  a  detailed  account. 

Three  straight  lines  were  drawn  upon  the  face  of  the 
arch  before  the  striking  of  the  centre,  one  of  them 
stretching  horizontally  above  the  crown,  and  the  two 
others  lying  obUquely  from  the  extremities  of  this, 
towards  the  springings  of  the  arch. 

After  the  centre  had  been  struck,  the  lines  were  ob- 
served to  have  assumed  certain  curved  forms,  indicating, 
in  accordance  with  the  theory,  a  downward  motion  in 
all  the  voussoirs  above  a  certain  point  on  each  side, 
and  an  upward  motion  in  the  voussoirs  beneath  that 
point. 

These  observations  have  been  confirmed  by  numerous 
others,  and  especially  by  those   (made  also  by  Perronet) 

at  the  Pont  de  Neuilly. 

Let  ABB^  fig.  15,  represent  an  arch  having  the  joints 
of  its  voussoirs  perpendicular  to  the  intrados  as  they 
usually  are  made.  Let  RQPQ'R'  be  the  Hne  of  re- 
sistance touching  the  intrados  at  Q  and  Q^,  and  the 
extrados  at  the  crown  in  A.  The  material  of  the  arch 
may  therefore  be  expected  to  yield  more  particularly 
about  the  points  A,  Q  and  Q',  than  any  other  ;  a  greater 
proportion  of  the  pressure  being  there  thrown  upon  the 
edges  of  the  voussoirs. 

If  by  reason  of  such  yielding,  or  from  any  other  alter- 
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ation  in  the  forces  impressed  upon  the  mass,  or  in  the 
circumstances  of  their  appHcation,  the  form  of  the  Ime 
of  resistance  be  altered,  it  may  manifestly  be  expected  to 
intersect  the  surface  of  the  mass  first  about  those  points ; 
the  least  possible  alteration  of  form  being  there  sufiicient 
to  produce  the  intersection.  And  this  being  the  case, 
the  portion  of  tlie  arch  above  Q  and  Q'  must  separate 
into  two  portions,  revolving  at  those  points  about  the 
lower  portions  of  the  arch  (see  fig.  16)  and  at  A,  upon 
the  extremities  of  one  another. 

Nevertlieless  this  revolution  is  manifestly  impossible 
unless  the  points  Q  and  Q'  yield  outwards.  And  this 
can  only  take  place  by  the  yielding  of  the  material  at  Q 
and  Q',  by  the  sHpping  back  of  the  voussoirs  there,  or 
by  the  portions  of  the  arch  or  its  abutments  beneath 
those  points  revolving  outw^ards,  in  consequence  of  the 
intersection  of  the  extrados  by  the  extremities  QR  and 
Q'  R'  of  the  Hne  of  resistance  (fig.  1 5) . 

The  last  is  in  point  of  fact  the  cause  which  leads,  in 
the  great  majority  of  cases,  to  the  fall  of  the  arch. 

The  extremity  R  of  the  line  of  resistance  is  made  to 
cut  the  extrados  of  the  arch,  or  the  outer  surface  of  the 
pier,  by  the  diminution  or  removal  of  some  force  whic^ 
acted  tlicrc  in  op])osition  to   the  tendencv  of  the  arc 
to  spread  itself,  and  w  hich  kept  the  direction  of  the  li 
of  resistance  within  its  mass, — tlie  resistance  of  a  m 
of  eartli   for   instance,   or  the  opj)osite   thrust   of  sc 

—  inirinu:  from  the  same  pier  or  abutment 


THEORY   OF   THE   ARCH.  21 

theory,  divide  itself  into  six  distinct  portions,  of  which 
four  will  revolve  about  the  points  S,  S^  Q,  Q'  and  A, 
as  represented  in  the  figure  16.  Now  this  is  what  is 
uniformly  observed  to  take  place  in  the  fall  of  the  arch. 

Gauthey,  having  occasion  to  destroy  a  bridge,  caused 
one  of  its  arches  to  be  isolated  from  the  rest ;  and,  the 
adhesion  of  the  cement  being  sufficient  to  counteract  tlie 
tendency  of  the  pressure  to  rupture  the  piers,  he  caused 
them  to  be  cut  across.  The  whole  then  at  once  fell, 
the  falling  portion  separating  itself  into  four  parts. 
Having  constructed  small  arches  of  soft  stone,  and 
without  cement,  he  loaded  them  until  they  fell.  Their 
fall  was  always  observed  to  be  attended  with  the  same 
circumstances.  Before  the  arch  finally  yielded  the  stone 
also  was  observed  to  chip  at  the  intrados  about  the 
points  Q  and  Q',  round  which  the  upper  portions  of  it 
finally  revolved. 

Some  experiments  made  by  Professor  Robison  with 
chalk  models  w^ere  attended  with  slightly  different  re- 
sults. Having  loaded  them  at  the  crown  until  they  fell, 
he  observed  first,  that  the  points  where  the  material 
began  to  yield  were  not  precisely  those  where  the  rup- 
ture finally  took  place. 

This  fact  presents  a  remarkable  confirmation  of  tl>e 
theory  expounded  in  this  paper. 

It  is  manifest,  that  according  to  that  theory,  with  any 
variation  in  the  least  force  P,  which  would  supjiort  the 
semi-arch  if  applied  at  its  crown,  there  will  be  a  cor- 
responding change  in  the  position  of  the  point  Q. 

Now  as  the  load  upon  the  crown  is  increased,  this 
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e  P  is  manifestly  increased.     The  result  is  a 
iding  variation  in  the  form  of  the  line  of  re- 
tending  to  carry  its  point  of  contact  with  the 
lower  down  upon  the  arch, 
is  precisely  what  Professor  Robison   observed. 
;h  began  to  chip  at  a  point  about  half  way  be- 
the  crown  and  the  point  where  the  rupture  finally 
ilace. 

3  existence  of  the  points  Q  and  Q^  about  which 

NO  upper  portions  of  the  arch  have  a  tendency  to 

,  and  about  which  the  material  is  first  observed  to 

1,   has   long  been  known   to  practical  men.     The 

nch  engineers  have  named  these  points  the  points  of 

iture  of  the  arch  ;    and  the   determination  of  their 

ition  by  a  tentative  method  forms  an  important  fea- 

e   in   the   theory  which   they   have   appUed   to   this 

)ortant  branch  of  Statics. 

The  theory  of  the  equiUbrium  of  the  groin  and  that 
the  dome  are  precisely  analogous  to  the  theory  of 

arch. 
A\  the  former  a  mass  springs  from  a  small  abutment, 
eading  itself  out  symmetrically  with  regard  to  a  ver- 
d  plane  passing  through  the  centre  of  its  abutment 
e  groin  is  in  fact  nothing  more  than  an  arcli,  whos 
issoirs   var)^  as  well  in  breadth  as  in  depth.     Tl 
— '-^ritv  of  the  different  elementary  vousso' 


THEORY  OF  THE  ARCH.  23 

each  opposite  pair  being  addossed,  and  each  adjacent 
pair  uniting  their  margins.  They  thus  lend  one  another 
mutual  support,  partake  in  the  properties  of  a  dome, 
and  form  a  continued  covering. 

The  groined  arch  is  of  all  arches  the  most  stable ;  and 
could  materials  be  foimd  of  sufficient  strength  to  form 
its  abutments  and  the  parts  about  its  springing,  I  am 
inclined  to  think  that  it  might  be  safely  built  of  any 
required  degree  of  flatness,  and  that  spaces  of  enormous 
dimensions  might  readily  be  covered  by  it. 

It  is  remarkable  that  modern  builders,  whilst  they 
have  erected  the  common  arch  on  a  scale  of  magnitude 
nearly  approaching  perhaps  the  limits  to  which  it  can  be 
safely  carried,  have  been  remarkably  timid  in  the  use  of 
the  groin. 

I  shall  terminate  this  paper  by  a  comparison  of  the 
theor)-  developed  in  it  with  that  of  Coulomb,  which  was 
unknown  to  me  until  my  researches  had  long  been  com- 
pleted, and  which,  after  an  obUvion  of  more  than  sixty 
years  among  the  pages  of  the  Memoires  des  Savants 
Etrangers,  imdisturbed  by  the  many  and  fierce  dis- 
cussions to  which  the  question  has  been  subjected  since 
that  time  in  this  country  and  elsewhere,  has  recently 
been  exhumed  and  made  the  subject  of  valuable  re- 
searches by  M.M.  Navier,  Lam^  and  Clapeyron,  and 
Garidel. 
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OOHPABiaON   OF  THB   PBKCSDING  TBBOBT  WITH  THAT 
OF  COULOMB. 

According  to  the  theory  of  Coulomh  (Me'moires  des 
Savants  Etrangers,  1773,)  as  developed  by  the  researches 
of  Navier,  (Resume  des  lemons  donn^es  a  I'ecole  des  ponts 
et  chauss^es,  1833,  p.  196,)  the  conditions  of  the  eqnih- 
brium  of  a  semi-arch  ABNM,  tig.  17,  in  respect  to  its 
tendency  to  revolve  upon  the  edges  of  its  voussoirs,  either 
at  the  extrados  or  the  intrados,  when  supported  by  a  force 
Q  acting  perjiendicular  to  the  joint  MN  at  its  crowa,  are 
these  :  any  joint  mn  being  taken,  the  force  Q  must 
not  be  less  than  that  which  being  applied  at  N  would 
jnst  prevent  the  portion  MmnN,  if  it  were  a  continuous 
sohd,  from  turning  upon  the  point  m,  and  it  must  not 
be  greater  than  that  which  being  apphed  at  M  would  be 
upon  the  point  of  causing  it  to  turn  about  n  ;  for  if  the 
first  of  these  forces  be  called  Q,,  and  the  second  Q,, 
then  the  force  Q  being  less  than  Q,  it  is  evident  that 
if  the  arch  did  not  turn  upon  some  other  point  it  would 
certainly  turn  upon  the  point  m,  and  that  this  would  be 
the  case  wherever  in  NM,  Q  was  appUed,  since  it  would 
be  insufficient  to  the  equilibrium  when  applied  in  the 
most  favourable  position,  which  is  N  :  again,  if  Q  were 
greater  than  Q,,  then,  provided  the  arch  did  not  turn 
upon  some  other  point  of  the  extrados,  it  would  cer- 
tainly turn  upon  the  point  n,  and  that,  wherever  in  MN 
it  were  appUed,  since  when  appUed  at  the  most  un- 
favourable point  M,  it  is  sufficient  to  produce  this  revo- 
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lution.  The  force  Q  must  then  be  less  than  one  of  the 
forces  Q,  and  Q,,  and  greater  than  the  other.  These 
conditions,  however,  only  determine  the  stability  of  the 
semi-arch  in  respect  to  the  particular  joint  mn ;  they 
assure  us  that  rupture  will  not  take  place  at  that  joint. 
Let  corresponding  values  of  Qi  and  Q2  be  found  in 
respect  to  every  joint ;  then  if  the  value  of  Q  be  not 
less  than  any  one  of  the  series  of  values  of  Q,  thus  de- 
termined, and  be  not  greater  than  any  one  of  the  values 
of  Q2,  we  are  assured  that  the  semi-arch  will  not  turn 
upon  the  edges  of  any  one  of  its  joints. 

Of  all  the  values  of  Qi  determined  as  above  one  will 
be  the  least ;  that  least  value  equals  the  least  force  Q, 
which  will  support  the  semi-arch ;  it  is  therefore  just 
equivalent  to  the  tendency  of  the  semi-arch  to  revolve 
towards  the  opposite  semi-arch,  and  thus  it  is  just 
equal  to  the  pressure  of  the  opposite  semi-arch  upon  it. 

This  minimum  of  the  forces  Q,  is  thus,  then  (accord- 
ing to  Coulomb) ,  the  actual  horizontal  thrust  upon  the 
key-stone  of  the  arch  ;  it  must  not  exceed  the  maximum 
of  the  forces  Qj.  This  condition  is  necessary,  and  it  is 
sufficient  to  the  equiUbrium  of  the  arch,  so  far  as  the 
rotation  of  the  voussoirs  is  concerned. 

That  particular  joint  in  respect  to  which  the  least 
value  of  Q,  is  obtained  is  evidently  the  joint  of  rupture  ; 
it  is  there  that  if  the  horizontal  pressure  of  the  opposite 
semi-arch  were  rendered  less  than  this  value  of  Q, 
rupture  would  take  place.  Here  then  (there  being  no 
cement)  the  resultant  of  the  forces  upon  M^nm  passes 
actually  through  the  point  in,  and  the  line  of  resistance 
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passes  therefore  through  that  point;  so  that  the  point 
of  rupture,  as  determined  by  the  theory  of  Coulomb, 
coincides  with  that  determined  by  the  theory  given  in 
the  preceding  pages.  Moreover,  the  condition  of  the 
tlieory  of  Coulomb,  that  the  force  Q  should  not  be  less 
than  one  of  the  forces  Q,  and  Q^,  or  greater  than  the 
other,  is  evidently  included  in  this  other,  that  in  respect 
to  no  joint  mn  of  the  structure  the  intersection  with  that 
joint  of  the  resultant  of  the  forces  on  MNwm  should  lie 
beyond  the  points  m  and  n.  Now  this  last  condition  is 
identical  with  that  which  is  the  fundamental  condition  of 
the  equilibrium  as  determined  by  the  preceding  theory, 
viz.,  that  the  line  of  resistance  should  cut  every  joint 
actually  within  the  mass  of  the  structure.  It  is  apparent 
that  the  minimum  force  Q,  of  the  theory  of  Coulomb 
is  identical  with  the  minimum  force  P  of  the  preceding 
theoiy. 

So  far  as  the  determination  of  the  position  of  the 
points  of  rupture  and  the  amount  of  the  horizontal 
thrust  is  concerned,  the  results  of  the  two  theories  are 
the  same  ;  the  difference  is  in  the  principles  from  which 
they  start  and  the  methods  of  investigation  :  that  of 
Coulomb  supposes  a  separate  discussion  of  the  condi- 
tions of  the  equihbrium  of  each  particular  voussoir, 
and  as  many  distinct  operations  of  analysis  as  there 
are  voussoirs,  and  it  determines  the  required  maxima 
and  minima  by  a  comparison  of  the  various  different 
results  thus  obtained  ;  the  theory  developed  in  the  pre- 
ceding j)ages  includes  the  determination  of  all  these  in 
the  discussion,  by  known  methods  of  analysis,  of  a  single 
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function,  of  the  dimensions  and  form  of  the  arch,  and 
its  loading.  It  here  leaves  the  theory  of  Coulomb. 
A  single  analytical  relation  being  estabUshed  by  it 
between  the  position  of  the  points  of  rupture,  the 
amount  of  the  horizontal  thrust,  the  dimensions  of 
the  arch,  and  the  form  and  amount  of  the  loading, 
these  elements  may  be  voned  in  any  way  with  a 
reference  to  one  another  ;  the  loading,  for  instance, 
may  be  varied  in  its  distribution,  so  as  to  vary  from 
one  point  to  another  the  position  of  the  points  of 
rupture,  or  so  as  to  vary,  from  one  amount  to  another, 
the  horizontal  thrust. 

From  the  determination  of  the  horizontal  thrust,  and 
the  position  of  the  points  of  rupture,  it  proceeds  to  the 
complete  determination  of  the  Une  of  resistance  through- 
out its  whole  length ;  the  condition  that  this  hue  shall 
no  where  cut  the  extrados  or  back  of  the  structure 
estabUshes  the  equilibrium  in  respect  to  any  rotation  of 
the  voussoirs  on  their  external  edges,  and  determines 
the  extreme  amount  of  loading,  placed  on  any  point 
of  the  arch,  which  it  may  be  made  to  bear.  Traced  to 
the  abutment  of  the  arch,  the  line  of  resistance  ascertains 
the  point  where  the  direction  of  the  resultant  pressure 
intersects  it,  and  the  line  of  pressure  fixes  the  actual 
direction  of  that  resultant  ;  these  elements  determine 
all  the  conditions  of  the  equihbrium  of  the  abutments, 
and  therefore  of  the  whole  structure  ;  they  associate 
themselves  directly  with  the  conditions  of  the  loading 
of  the  arch,  and  enable  us  so  to  distribute  it  as  to  throw 
the  points  of  rupture  into  any  given  position   on  the 
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intrados,  and  give  to  the  line  of  resistance  any  direction 
which  shall  best  conduce  to  the  stability  of  the  stractore ; 
firom  known  dimensions  and  a  known  loading  of  the  arch 
they  determine  the  dimensions  of  piers  which  will  sap- 
port  it ;  or  conversely  from  known  dimensions  of  the 
piers  they  ascertain  the  dimensions  and  loading  of  the 
arch,  which  may  safely  be  made  to  span  the  space  be- 
tween them. 


CONDITIONS  OF  THB   BQUILIBRIDM   OF  A   8TBDCTUBB  OF 
CBMBNTBD   BTONBB. 

The  condition  that  the  resultant  pressure  upon  any 
portion  of  a  structure  must  pass  actually  through  the 
conunoD  surface  of  contact  of  that  portion  with  the 
subjacent  portion  of  the  structure,  on  which  condition 
the  whole  of  the  theorj-  of  the  equilibrium  of  the  struc- 
ture has  in  the  preceding  pages  been  made  to  depend, 
is  not  a  condition  necessary  to  the  equilibrimn  of  a 
structure  of  cemented  stones. 

When  the  joints  of  the  structure  are  cemented  to- 
gether, the  resultant  pressure  may  have  its  directions 
beyond  the  limits  of  any  joint  without  causing  the  two 
portions  separated  by  that  joint  to  revolve  upon  the 
edges  of  one  another,  the  distance  of  this  deviation 
without  the  boundary  of  the  joint  being  of  course  cir- 
cumscribed within  certain  limits,  imposed  by  the  adhe- 
sive quaUties  of  the  cement,  the  dimensions  of  the 
adhering  surface,  and  the  incEnations  and  amounts  of 
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insistent  pressures.  Thus  then  that  essential  condition 
of  the  discussion,  according  to  which  the  line  of  re- 
sistance can  no  where  intersect  either  the  intrados  or 
extrados  of  the  arch ,  but  which  gives  it  a  contact  with 
the  intrados  at  each  of  the  points,  called  the  points  of 
rupture,  altogether  fails.  A  very  simple  consideration 
however  brings  this  element,  of  the  adhesion  of  the  joints, 
into  the  discussion  ;  and  the  theory  is  thus  made  to 
embrace  the  whole  question  of  the  stabihty  of  a  cemented 
structure.  It  is  this,  that  for  the  adhesion  of  the  cement 
at  each  jomt,  supposed  to  operate  uniformly  over  the 
whole  surface  of  the  joint,  there  may  be  substituted  a 
force  of  the  same  amount  acting  at  a  single  point  on  that 
surface,  that  pomt  being  its  centre  of  gravity ;  because 
the  adhesion  thus  uniformly  distributed,  and  acting  (so 
far  as  the  tendency  of  the  stones  to  turn  over  on  their 
edges  is  concerned,  which  is  the  only  case  now  under 
consideration)  perpendicularly  to  the  surface  of  the 
joint,  may  be  considered  to  be  made  up  of  a  system  of 
equal  and  parallel  forces,  infinite  in  number  and  pre- 
cisely analogous  to  the  weights  of  the  component  ele- 
ments of  a  thin  uniform  lamina,  of  the  same  form  and 
dimensions  as  the  joint ;  so  that  the  system  of  elementary 
adhesions  composing  the  adhesion  of  the  joint  shall  have 
its  resultant  passing  through  exactly  the  same  point  as 
that  through  which  the  resultant  of  the  weights  of  the 
elements  of  the  lamina  passes,  that  is,  through  the  centre 
of  gravity  of  the  lamina. 

In  considering  the  conditions  of  the  equilibrium  of  any 
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portion  ASTD  of  a  structure,  fig.  14,  and  supposing 
the  whole  adhesive  power  of  the  joint  ST  to  be  called 
into  operation,  and  to  constitute  an  element  of  the 
equiUbrium,  we  have  only  then  to  suppose  that  adhe- 
sion to  be  collected  in  the  centre  of  gravity  of  ST  and 
to  act  there  in  a  direction  perpendicular  to  the  joint. 
This  force  being  added  to  those  which  before  entered 
into  the  discussion,  viz.,  the  weight  of  ASTD  and  the 
force  P,  will  give  a  new  direction  and  amount  to  the 
resultant  R,  which  direction  and  amount  are  nevertheless 
determinable  by  the  same  methods  of  calculation.  A 
new  direction  and  amount  of  the  force  R  for  every  po- 
sition of  S  T  brings  with  it  a  new  form  and  direction 
of  the  line  of  resistance,  and  of  the  Une  of  pressure. 
These  are  nevertheless  determined,  subject  to  the  in- 
fluence of  these  new  elements  of  the  calculation,  pre- 
cisely as  before. 

There  is  thus  obtained  the  line  of  resistance  and  the 
Une  of  pressure  of  the  structure,  on  the  supposition 
that  the  adhesive  power  of  each  of  its  joints  is  called 
into  operation.  Now  on  this  hj^othesis  it  is,  as  it  was 
before,  a  necessary  condition  of  the  equilibrium,  that  the 
line  of  resistance  shall  pass  actually  through  each  joint 
of  the  structure,  avoiding  none  ;  for  if  it  avoid  any  joint, 
as  for  instance  MN,  fig.  2,  then  the  resultant  of  all  the 
forces  acting  upon  the  mass  ACMN  of  the  structure, 
there  being  included  amongst  these  the  whole  amount 
of  the  adhesion  of  the  surface  MN,  will  act  through 
some  point  n  without  that  joint,  and   no   force  what- 
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ever  opposing  itself  to  the  tendency  of  this  resultant 
pressure  to  turn  the  mass  over  upon  the  point  N,  it  will 
of  necessity  revolve  upon  that  point. 

The  whole  reasoning,  this  new  element  of  adhesion 
being  admitted  into  the  discussion,  becomes  from  this 
point,  therefore,  the  same  as  before.  Each  semi-arch 
being  supposed  to  require  an  opposite  semi-arch  to  sup- 
port it,  so  that  neither  would  stand  of  itself,  it  follows 
that  the  line  of  resistance  must  somewhere  in  each  semi- 
arch  meet  the  intrados.  Provided  it  does  not  also  cut 
the  extrados  of  the  arch  or  of  the  pier,  it  will  touch  the 
intrados  at  the  points  where  it  thus  meets  it.  The  arch 
in  this  case  will  stand  firmly.  These  points  of  contact 
of  the  line  of  resistance  with  the  intrados  are,  as  before, 
the  points  of  rupture  of  the  cemented  arch :  their  posi- 
tion connects  itself  by  a  direct  relation  with  the  amount 
of  the  horizontal  thrust,  which  amount  is  determined 
precisely  as  in  the  case  of  the  uncemented  arch.  The 
case  in  which  either  semi-arch  would  stand  wdthout  the 
support  of  an  opposite  semi-arch  (which  is  the  case  of 
Mr.  Brunei's  experimental  arch),  is  indicated  by  an 
evanescent  or  an  impossible  value  of  the  horizontal 
thrust,  resulting  from  the  failure  in  this  case  of  the 
hypothesis  of  a  contact  between  the  line  of  resistance 
and  the  intrados.  It  is  evident  that  when  the  semi-arch 
will  stand  unsupported,  no  such  contact  takes  place. 

I  have  here  shown  by  what  process  of  calculation  the 
adhesion  of  the  cement  of  a  structure  may  be  included 
among  the  theoretical  conditions  of  its  equilibrium  ;  but 
it  has  not  been  with  the  view  of  recommending  the  con- 
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sideration  of  this  element  in  any  practical  question  of 
construction.  That  structure  (being  of  large  dimenaions) 
which  would  not  stand  without  cement  would  assuredly 
be  a  perilous  one. 

A  mass  of  masonry  possessing  few  or  none  of  those 
qualities  wliich  we  understand  under  the  term  elasticity, 
the  least  appreciable  alteration  in  the  relative  positions 
of  its  parts,  such  as  not  unfrequenly  results  from  a  settle- 
ment of  its  material,  or  an  irregular  sinking  of  its  foun- 
dations, becomes  a  permanent  disruption.  No  adhesive 
properties  of  the  cement  can  control  the  disturbing  forces 
called  into  operation  whilst  tlie  arch  is  in  the  act  of 
settling.  In  the  case  of  an  arch,  such  a  disruption  of  the 
material  is  most  likely  to  take  place  about  the  points  of 
ruptm^.  The  adhesion  of  the  cement  is  there  then 
especially  hable  to  be  destroyed  ;  and  if  this  adhesion 
has  been  made  an  element  in  the  calculation  whence 
the  proportions  of  the  arch  have  resulted,  so  as  to  form 
a  necessary  condition  to  the  equilibrium,  then  its  destruc- 
tion over  these  points  of  ruptiire  will  in^dlibly  destroy 
the  stability.* 

That  old  principle  of  construction,  then,  which  assigns 
to  the  structure  such  dimensions  and  proportions  of  its 
parts  as  would  cause  it  to  stand  6rmly  were  no  cement 
used  in  its  masonry,  ought  always  to  retain  its  authority 
with  the  judicious  engineer. 

'  The  destraction  of  the  adhesive  qualities  of  the  cement  over  a} 
point  of  the  arch  would  not  cause  its  overthrow,  but  only  that  over  thee 
points  of  rupture. 
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CONDITIONS     OP     THE     EQUILIBRIUM    OF    A     STRUCTURE     OP 
CONCRETE^   OF   COURSES   OP   STONES^   OR    OP    BRICK-WORK. 

Hitherto  this  discussion  of  the  conditions  of  the 
equilibrium  of  a  structure  of  masonry  has  assumed 
it  to  be  capable  of  disruption  only  in  the  given  direc- 
tions of  the  joints  by  which  the  single  stones  which 
compose  it  are  in  contact  with  one  another,  or  where 
the  cement  is  interposed  between  them. 

This  hypothesis  does  not  however  include  the  whole 
question  of  its  stability.  The  stones  or  bricks  which 
compose  such  a  structure  may  themselves  be  capable 
of  disruption,  and  being  placed  in  layers  or  courses  as 
the  stones  or  bricks  of  an  edifice  usually  are,  they  may 
be  in  contact  not  only  by  their  superior  and  inferior 
surfaces  but  by  their  sides ;  all  their  faces  being  united 
by  cement  and  their  joints  breaking  one  another.  A 
structure  thus  formed  is  evidently  capable  of  disruption, 
through  any  given  point,  in  an  infinite  number  of  dif- 
ferent directions,  and,  which  of  these  is  the  direction 
of  its  actual  rupture  is  an  element  of  the  theory  to  be 
determined. 

From  whatever  point  of  the  surface  of  the  structure 
the  rupture  may  commence,  its  direction  is  subject  to 
this  condition,  that  it  is  that  direction  in  which  the 
resistance  to  rupture — as  opposed  to  the  particular  forces 
which  in  each  case  tend  to  produce  it — is  the  least ; 
or,  in  other  words,  supposing  the  rupture  to  take  place 
through  any  given  point  in   the   intrados   or   extrados 


W  PROFESSOR  MOSELEY'S 

of  the  structure,  then  will  tlie  surface  of  rupture  be 
that  surface  passing  across  the  structure  tlu-ough  this 
point,  over  which  the  various  resistances  opposing  tliem- 
selves  to  the  rupture  are  the  least.  Tims,  for  instance, 
.  in  fig.  18,  if  N  be  a  point  in  the  intrados  of  an  arch 
about  which  rupture  is  about  to  take  place,  then  will 
the  direction  of  this  rupture  be  such  that  the  surface 
of  rupture  MN  shall  be  that  surface  passing  through 
N,  on  which  the  resistances  opposing  themselves  to  the 
rupture  are,  in  their  aggregate  effect,  the  least.  In  a 
structure  homogeneous  as  to  the  qualities  of  its  mate- 
rials and  their  distribution,  this  surface  of  least  resistance 
to  rupture  is  nearly  a  plane ;'  for  let  M  and  N  be  points 
on  the  opposite  side  of  the  surface  of  nij»ture,  then  since 
the  shortest  line  which  can  be  drawn  between  N  and  M  is 
the  straight  hue  between  them,  supposing  the  resistance 
to  rupture  to  act  uniformly  over  the  surface  of  rupture, 
that  resistance  will  be  least  between  M  and  N,  when 
the  surface  of  rupture  coincides  with  the  straight  line 
MN ;  and  the  siime  being  true  for  all  other  points 
similarly  situated  with  M  and  N,  it  is  evident  that  the 
surface  of  least  resistance  to  rupture  is  a  surface  which 
may  be  generated  by  the  motion  of  a  straight  line. 
This  would  be  strictly  true  were  there  any  case  of 

'  This  remark  does  not  extend  to  the  case  of  the  rupture  hj  bV- 
verse  Btnun  of  masses  of  greater  compreseibility  than  Toasonry,  w  fi* 
instance,  maasee  of  wood  and  iron  in  which  the  neutral  axis  L'e^*' 
the  instant  of  nipture,  tvilkin  the  surface  of  the  mass,  one  side  of  S 
yielding  hy  the  compresaion,  whilst  the  other  yields  by  the  ezteDann 
of  ite  material. 


THEORY   OF  THE   ARCH.  35 

a  structure  throughout  which  the  various  forces  opposing 
themselves  to  rupture  were  distributed  with  perfect  uni- 
formity. A  structure  of  concrete  would  approach  nearest 
to  this  case.  In  a  cemented  structure  of  the  ordinary 
construction  the  surfaces  of  least  resistance  follow,  for 
the  most  part,  the  joints  of  the  bricks  or  stones,  the 
adhesion  of  these  to  one  another  by  their  joints  being 
less,  where  the  interposed  cement  is  mortar,  than  the 
adhesion  of  the  individual  parts  of  each  brick  or  stone 
to  one  another.  Subject  to  this  condition  the  surface 
of  least  resistance  still  however  approaches  as  nearly 
as  possible  to  a  plane  surface  when  the  materials  of 
the  structure  are  uniformly  distributed. 

Where  the  materials  are  not  uniformly  distributed, 
as  in  the  arch,  fig.  19,  where  the  joints  of  the  voussoirs 
have  one  direction,  and  those  of  the  mass  of  masonry 
which  it  supports  another,  it  is  evident  that  the  surface 
of  least  resistance  to  rupture,  which  follows  the  joint  of 
the  voussoir  from  N  to  M,  will  above  the  point  M  take  a 
new  direction  ML,  forming  on  the  whole  a  line  of  broken 
inclination  NML. 

To  simplify  the  discussion  of  these  new  elements  of 
the  theory,  let  there  be  supposed  a  uniform  arrange- 
ment of  the  materials  of  the  structure,  and  a  uniform 
distribution  of  the  forces  resisting  its  rupture,  as  in 
the  case  of  a  structure  of  concrete,  any  deviations  from 
this  law  which  may  occur  in  practice  will  be  in  favour 
of  its  stabiUty,  if  we  assume  the  unit  of  resistance  to 
rupture  at  the  least  value  which  any  part  of  the 
structure  suppUes. 
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Let  any  plane  MN,  fig.  18,  be  imagined  to  intersect 
the  mass,  inclined  at  an  angle  &  to  the  horizon.  Let 
tlie  line  of  resistance  be  determined  as  in  the  case  of  an 
uncemented  structure  ;  if  this  line  pass  actually  through 
the  section  MN  there  will  be  no  tendency  to  rupture 
by  the  turning  of  either  portion  of  the  mass  about  the 
edge  of  that  section.  Suppose  however  that  it  does  not, 
and  that  its  direction  is  so  far  beyond  these  limits  that 
the  whole  resistance  to  rupture  on  the  plane  MN  is 
called  into  operation.  This  resistance  may  be  estimated 
in  terms  of  the  unit  of  resistance,  the  inclination  O  of 
the  plane  of  intersection,  and  the  ordinate  BO  of  the 
point  N.  The  mass  ABNM  being  imagined  to  be  acted 
upon  by  this  resistance,  its  weight,  and  the  pressure  P, 
let  the  resultant  of  these  three  forces,  and  its  point  of 
intersection  with  the  plane  MN  be  determined,  and  the 
plane  being  then  conceived  to  take  uj)  an  infinity  of  dif- 
ferent positions  by  the  variation  of  BO,  let  the  locus  of 
these  intersections  be  found  ;  let  then  P  be  assumed  to 
have  such  a  value  as  to  give  to  this  line  of  resistance 
a  common  point  with  the  surface  of  the  mass.  This 
condition  will  serve  to  determine  a  relation  between 
the  force  P,  the  ordinate  BO  of  the  point  N,  where 
the  line  of  resistance  meets  the  surface,  and  the  inclina- 
tion 0  of  the  intersecting  plane.  If  the  rupture  of  the 
structure  be  not  about  to  take  place  at  some  point  above 
N,  it  will  evidently  be  upon  the  point  of  taking  place  at 
N,  along  a  plane  wiiose  inclination  is  S.  But  to  every 
value  of  G  corresponds  a  different  value  of  the  ordinate 


THEORY   OF  THE  ARCH.  37 

ditions  ;  so  that  at  some  point  above  N  the  rupture 
may  be  about  to  take  place  along  a  plane  inclined  at 
some  other  angle  0  to  the  horizon.  Determine  then 
the  minimum  value  of  the  ordinate  BO  in  respect  to  the 
variable  O  of  which  it  is  a  function,  or  the  least  height 
at  which  any  inclination  of  the  plane  of  rupture  can 
cause  an  intersection  between  the  line  of  resistance  and 
the  surface  of  the  structure,  the  corresponding  point  N 
will  be  the  true  point  of  rupture  ;  above  that  point  the 
parts  of  the  structure  will  not  be  separated  by  the  pres- 
sures to  which  they  are  subjected,  but  at  that  point  they 
will  be  upon  the  point  of  separating.  This  point  deter- 
mined, the  discussion  of  the  further  conditions  of  the  equi- 
librium is  precisely  the  same  as  before.  If  the  line  of 
resistance  thus  determined  cut  the  surface  of  the  structure 
at  N,  actual  rupture  will  take  place ;  if  it  merely  touch, 
as  in  the  case  of  the  arch,  there  will  be  no  rupture, 
but  a  state  preserved  which  is  always  one  bordering  on 
rupture.  The  determination  of  this  point  has  however 
supposed  a  knowledge  of  the  circumstances  under  which 
rupture  may  take  place  along  the  plane  MN  of  rupture, 
and  of  the  unit  of  force  opposing  itself  to  rupture  on 
that  plane.  The  circumstances  of  this  rupture  are  of 
two  kinds.  It  may  take  place  along  the  plane  MN  by 
the  turning  of  the  mass  ABNM  upon  the  point  N,  the 
forces  opposing  themselves  to  which  rupture  are  the 
direct  adhesions  of  the  parts  of  the  mass  along  that 
plane  and  perpendicular  to  it,  and  this  is  the  case  above 
supposed  ;  or  it  may  take  place  by  the  sliding  of  the 
mass  ABNM'  along  the  plane  of  rupture  NM',  to  which 
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rupture  are  opposed,  1st,  those  cohesive  forces  of  the 
mass  which  oppose  themselves  to  the  sUding  of  any  two 
portions  of  it  asunder,  and  which  are  independent  of  the 
insistent  pressures  ;  and,  2ndly,  the  forces  of  friction 
which  oppose  themselves  to  the  motion  of  any  two 
portions  of  the  mass  upon  one  another  when  separated, 
and  which  are  dependent  upon  the  insistent  pressures. 

Now  the  forces  thus  entering  into  the  discussion  of 
both  these  cases  admit  of  determination  in  terms  of 
known  units  of  each,  and  may  therefore  be  made  to 
enter  with  precision  into  the  formulae  of  equiUbrium. 

In  the  consideration  of  the  forces  which  oppose 
themselves  to  rupture  in  the  first  case,  where  they  act 
in  directions  perpendicular  to  the  plane  MN,  there  is 
a  difficulty  in  making  the  proper  estimate  of  those 
compressible  and  elastic  properties  which  are  common 
in  different  degrees  to  all  bodies,  but  which  may, 
perhaps,  be  considered  to  be  called  less  actively  into 
operation  in  a  mass  of  masonry  than  in  any  other. 
We  may  at  any  rate  assign  Hmits  within  which  their 
influence  on  the  stability  of  a  structure  must  be  con- 
fined. Let  us  first  suppose  the  adhesion  of  the  surfaces 
of  contact  in  MN  not  to  be  at  all  affected  bv  the  elastic 
properties  of  the  material ;  the  resultant  of  all  the  ele- 
mentaiy  adhesions  of  the  jiarts  of  that  plane  will  then 
pass  through  its  centre  of  gravity,  or,  if  it  be  a  rectangle, 
as  is  commonly  the  case,  the  resultant  will  pass  through 
the  centre  of  that  rectangle.  Next  let  us  suppose  the 
surfaces  of  contact  in  MN  to  be  united  by  a  stratum  of 
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for  instance ;  the  extension  of  this  elastic  material  will 
then  be  dilSFerent  at  diifferent  distances  from  N,  varying, 
when  the  surfaces  turn  upon  N,  directly  at  these  dis- 
tances ;  and  in  the  same  proportion  will  vary  the  forces 
by  which  at  different  points  the  two  surfaces  are  held 
together.  Now  from  this  it  may  readily  be  calculated 
by  the  principles  of  the  integral  calculus,  that  the  point 
through  which  the  resultant  of  all  these  elementary 
elastic  forces,  holding  the  two  surfaces  together,  passes, 
is  no  longer  situated  in  the  centre  of  the  rectangle,  but 
at  a  distance  of  :^th  the  distance  MN  beyond  that  centre. 
So  that  supposing  the  aggregate  adhesion  to  be  in  this 
case  the  same  as  before,  its  efficiency  to  maintain  the 
equilibrium  will  be  increased  by  an  increased  leverage  of 
this  amount.  Now  between  these  tw^o  Umits  of  perfect 
elasticity  and  compressibility,  and  perfect  rigidity  of  the 
material  opposing  its  adherence  to  rupture  in  MN,  the 
true  case  of  the  adherence  of  a  mass  of  masonry  may 
be  considered  to  lie.  The  stability  will  certainly  not  be 
less  than  that  given  by  the  first  hypothesis,  and  not 
greater  than  that  given  by  the  second.  It  is  because  the 
first  hypothesis  thus  assigns  the  lo\vest  estimate  to  the 
influence  on  the  stability  of  adhesive  properties  in  the 
cement,  that  I  have  assumed  it  as  the  basis  of  the 
method  explained  in  my  last  paper  (page  29),  for  deter- 
mining the  conditions  of  the  equilibrium  of  a  cemented 
structure  of  single  stones. 

To  determine  the  conditions  of  rupture  in  the  second 
case  where  the  structure  yields  by  sliding  upon  the  plane 
NM',  assume  any  inclination  9  to  the  plane  of  riii)turc 
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Let  any  plane  MN,  fig.  18,  be  imagined  to  intersect 
ttie  mass,  inclined  at  an  angle  ©  to  the  horizon.     Let 
the  line  of  resi.=itance  be  determined  as  in  the  case  of  an 
unccmented  stnicture  ;  if  this  line  pass  actually  through 
the  section  MN  there  will  he  no  tendency  to  rupture 
by  the  turning  of  either  portion  of  the  mass  about  the 
edge  of  that  section.     Suppose  however  that  it  does  not, 
and  that  its  direction  is  so  far  beyond  these  limits  that 
the  whole  resistance  to  rupture  on  the  plane  MN   is 
called  into  operation.     Tliis  resistance  may  be  estimated 
in  terras  of  the  unit  of  resistance,  the  inclination  ©  of 
the  plane  of  intersection,  and  the  ordinate  BO  of  the 
point  N.     The  mass  ABNM  being  imagined  to  be  acted 
upon  by  this  resistance,  its  weight,  and  the  pressure  P, 
let  the  resultant  of  these  three  forces,  and  its  point  of 
intersection  with  the  plane  MN  he  determined,  and  the 
plane  being  then  conceived  to  take  up  an  infinity  of  dif- 
ferent positions  by  the  variation  of  BO,  let  the  locus  of 
these  intersections  be  found  ;  let  then  P  be  assumed  to 
have  such  a  value  as  to  give  to  this  Une  of  resistance 
a  common  point  with  tlie  surface  of  the  mass.     TTiis 
condition  will  serve  to  determine  a  relation   betwew 
the  force  P,  the  ordinate  BO  of  the  point  N,  where 
the  line  of  resistance  meets  the  surface,  and  the  inclina- 
tion 6  of  the  intersecting  plane.     If  the  rupture  of  the 
structure  he  not  about  to  take  place  at  some  point  above 
N,  it  will  evidently  be  upon  the  point  of  taking  place  at 
N,  along  a  plane  wiiose  inclination  is  8.     But  to  every 
value  of  9  corresponds  a  different  value  of  the  ordinate 
BO,  and  a  different  position  of  N  subject  to  these  con- 
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ditions  ;    so  that  at  some  point  above  N  the  rupture 
may  be  about  to  take  place  along  a  plane  inclined  at 
some  other  angle  0  to  the  horizon.     Detennine  then 
the  minimum  value  of  the  ordinate  BO  in  respect  to  the 
variable  B  of  which  it  is  a  function,  or  the  least  height 
at  which  any  inclination  of  the  plane  of  rupture  can 
cause  an  intersection  between  the  line  of  resistance  and 
the  surface  of  the  structuure,  the  corresponding  point  N 
will  be  the  true  point  of  rupture ;  above  that  point  the 
parts  of  the  structuure  will  not  be  separated  by  the  pres- 
sures to  which  they  are  subjected,  but  at  that  point  they 
will  be  upon  the  point  of  separating.     This  point  deter- 
mined, the  discussion  of  the  further  conditions  of  the  equi- 
librium is  precisely  the  same  as  before.     If  the  line  of 
resistance  thus  determined  cut  the  surface  of  the  structure 
at  N,  actual  rupture  will  take  place ;  if  it  merely  touch, 
as  in  the  case  of  the  arch,  there  will  be  no  rupture, 
but  a  state  preserved  which  is  always  one  bordering  on 
rupture.     The  determination  of  this  point  has  however 
supposed  a  knowledge  of  the  circumstances  under  which 
rupture  may  take  place  along  the  plane  MN  of  rupture, 
and  of  the  unit  of  force  opposing  itself  to  rupture  on 
that  plane.     The  circumstances  of  this  rupture  are  of 
two  kinds.     It  may  take  place  along  the  plane  MN  by 
^^^  turning  of  the  mass  ABNM  upon  the  point  N,  the 
forces  opposing  themselves   to   which   rupture  are  the 
direct  adhesions  of  the  parts  of  the  mass  along  that 
plane  and  perpendicular  to  it,  and  this  is  the  case  above 
siipposed ;  or  it  may  take  place  by  the  sliding  of  the 
fflass  ABNM'  along  the  plane  of  rupture  NM',  to  which 
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NM',  fig.  18,  determine  the  direction  of  the  resultant 
of  the  pressures  upon  ABNM',  including  amongst  these 
pressures  the  pressure  P,  the  weight  of  the  mass  AB 
NM',  and  the  forces  of  adhesion  which  oppose  them- 
selves to  the  sliding  of  the  surfaces  of  contact  in  NM' 
upon  one  another  independently  of  the  friction.  If  the 
inclination  of  this  resultant  to  the  perpendicular  to 
NM'  be  greater  than  the  limiting  angle  of  resistance, 
rupture  will  take  place.  Suppose  it  to  equal  this  angle 
so  that  rupture  may  be  upon  the  point  of  taking  place. 
A  relation  will  thus  be  determined  between  6  and 
BO  the  ordinate  of  the  point  N,  so  that  for  that  po- 
sition of  N  rupture  would  be  upon  the  point  of  taking 
place  along  a  plane  whose  incUnation  is  6.  Tlie 
minimum  value  of  BO,  considered  as  a  function  of  6 
which  satisfies  this  condition,  determines  the  point  of 
rupture.  At  that  point  two  portions  of  the  mass  will 
slide  upon  one  another,  and  at  no  point  above  it. 

The  two  cases  will  give  different  geometrical  forms 
to  the  lines  of  resistance  and  different  positions  of  the 
point  of  rupture  N.  The  true  point  of  rupture  of  the 
two  thus  detennined,  will  be  the  highest. 

In  the  great  majority  of  structures,  however,  we  may 
be  assured  that  the  first  case  is  the  only  one  which  it  is 
necessar}^  to  consider,  rupture  by  the  sliding  asunder 
of  two  portions  of  the  mass  across    its    solid    material 


THEORY  OF  THE  ARCH.  41 


THE    MATHEMATICAL    THEORY    OF    THE    EQUILIBRIUM    OF    A 

STRUCTURE. 

In  order  that  the  principles  laid  down  in  the  pre- 
ceding papers  may  become  intelligible  when  translated 
into  the  language  of  analysis  under  their  more  general 
forms,  it  will  be  well,  first  of  all,  to  present  to  the  reader 
some  of  their  simpler  and  more  elementary  appUcations. 

I  propose  then,  first,  to  consider  the  equilibrium  of 
the  PIER  ;  secondly,  that  of  the  loaded  circular  arch 
with  equal  voussoirs  ;  thirdly,  I  propose  to  discuss  those 
general  methods  of  analysis  by  which  the  lines  of  re- 
sistance and  pressure  may  be  determined  in  any  struc- 
ture subject  to  any  given  circumstances  of  pressure, 
and  whence  may  be  deduced  the  actual  conditions  of 
the  equihbrium  of  that  structure.  Of  this  last  deter- 
mination, all  the  others  are,  of  course,  particular  cases, 
and  the  order  of  investigation  which  I  here  propose  to 
myself  is  the  opposite  of  that  which  I  followed  in  the 
original  consideration  of  the  question. 


THE    PIER. 


Let  ABCD,  fig.  20,  represent  an  upright  pier  of 
uniform  dimensions  to  any  point  in  the  summit  AB, 
of  w^hich  is  applied  a  given  pressure  P.  To  determine 
the  line  of  resistance  in  this  pier  let  MN  be  conceived 
to  be  any  horizontal  section  of  it.  The  forces  impressed 
upon  the  portion  AMNR  of  the  pier  arc  then,  its  wcip:ht 


SL  =  y,  a  relation  established  be 
determine  the  position  of  the  point 
of  the  intersecting  plane,  and  will  b 
line  of  resistance. 

Let  AB,  the  width  of  the  pier,  b 
and  the  w^eight  of  a  cubical  unit  of 
the  distance  EQ  of  the  point  of  ap 
P  from  the  axis  of  the  pier  be  /c,  ; 
PQ  to  the  vertical  * ;  also  let  th 
the  vertical  be  6, 

Then  the  forces  P,  W,  R,  bein 
and  horizontally  become 

P  COS.  *,  W,  R  cos.  e  ^ 
P  sin.  *,         R  sin.  *^ 

therefore,  by  the  general  condition 
of  forces  in  the  same  plane,  obs 
ordinates  of  the  points  of  apphcat 
are  respectively 

-/f,  0 
0,  +  X 

+  y,+  ^^ 
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Whence,  observing  that  W=^2KfjbXy  we  obtam  by  the 
elunination  of  R  and  0  in  the  last  equation 

— /cPcos.  *— y  (Pcos.  ^-\-2Kfix)  +  Pa?  sin.  $=o 

p  a:  sin.  $— "fccos.  $  ,qn 

•  •  ^""       2K/.a;+Pcos.* ^  ^ 

which  is  the  required  equation  to  the  line  of  resistance. 


SECOND    METHOD    OF    DETERMINING    THE    LINE 

OF    RESISTANCE. 

To  persons  unaccustomed  to  the  application  of  the 
general  equations  of  equilibrium  the  following  method 
of  determining  tlie  line  of  resistance  in  a  pier  will  be 
more  intelligible. 

Take  OU=SE  (fig.  21)  to  represent  the  weight  W 
of  the  mass  ABNM.  Produce  PQ  to  V,  and  take  OV 
to  represent  the  force  P  on  the  same  scale  on  which  OU 
represents  W.  Complete  the  parallelogram  OUYV, 
then  OY  will  represent  the  resultant  R  in  magnitude 
and  direction,  and  L  will  be  a  point  in  the  hne  of 
resistance. 

Draw  X  Y  parallel  to  S  L.  Therefore  by  similar 
triangles, 

SL       XY  UYsin.  XUY 


OS  ~  OX  ""  OU+UY  cos  XUY 

P  sin.  XUY 


(1) 


~  W+P  COS.  XUY 

Also  adopting  the  same  notation  as  before 
SL=y,OS=ES-EO=a--Acot.<l>,XUY=*,W=2K/x^ 
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y  _  Psin.  * 

X — k  cot.  *       2K/tx  +  P  COS.  * 

T)  X  sin,  #  —  k  COS.  * 


(2) 


■  ■  '         2K,»i+Pcos.*  ■  ■ 
If  F  represent  the  solidity  of  a  mass  of  the  same  mate 
rial  as  the  pier  whose  weight  shall  equal  P,  then 
P=F^ 


p.  J?  sin.  # — k  COS.  * 

^Ky+FcoT* 


Now  this  equation  is  that  to  a  rectangular  hyperbola, 
as  will  be  apparent  from  the  following  transformations. 
i/|'2Kx+F  COS.  *j  =  P'j'  sin.  *— Fft  cos.  * 
F  COS.  *  1         P"  sin.  * V  k  cos.  * 


2K 


2K 


r     ,    F  COS.  *  "I 
Subtracting  — '- — —^ — — —  from  both  sides 

Fcos,*  f  P'sin.*  ,   ,  1 
.     rFsin.*         "1    r     ^  P'cos.*T        Fcos.4 


{■^+4 

l^t  KG,  fij.  22 

.betalien-'"'^'"* 

Gil 

Fcos.* 

2K 

ES=,r  SL=, 
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TT        Fsin.* 


TTT  P'COS.*     , 


ILIH= 


V  sin.  * 

—y 


2K 


Kcos.*  , 


F'  COS.  $ 
~2K~ 


Psin.$ 

~2ir~ 


2K 


=  a  constant  for  all  the  joints  of 
the  same  pier  subjected  to  the  same  insistent  pressures. 

Since  then  the  rectangle  of  the  co-ordinates  of  the 
line  of  resistance  in  respect  to  the  axis  HX  is  for  eveiy 
point  of  that  line  the  same,  it  follows,  by  a  well  known 
property,  that  its  geometrical  form  is  that  of  a  rect- 
angular hyperbola,  of  which  HX  is  the  asymptote. 

The  line  of  resistance  therefore  continually  approaches 
HX,  but  never  meets  it.  If  then  HX  lies,  as  shown  in  the 
figure,  actually  within  the  mass  of  the  pier,  or  if  EG  be  less 

than  EB  or  ?^4^—  less  than  K,  or  F  sin.  *  than  2  K^ 

2  IV 

then  the  line  of  resistance  will  no  where  cut  the  extrados 
of  the  pier,  and  the  structure  will  retain  its  stability 
under  the  insistent  pressure  P,  however  high  it  may  be 
built. 

If  HK  lie  without  the  mass  of  the  pier,  or  P'  sin.  *  be 
not  less  than  2  K^,  then  the  line  of  resistance  will  some- 
where cut  the  intrados  of  the  pier,  provided  it  be  built  of 
a  sufficient  height,  and  this  height  will  evidently  be  the 
greatest  to  which  the  pier  can  be  built  without  being 
overthrown  ;   it   is  evidently  equal  to  that  value  of  x 
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which  is  determined  in  the  equation  3  to  the  line  of 
resistance  by  assuming  y  equal  to  K,  or  to  one-half  the 
width  of  the  pier. 

This  substitution  beir^  made,  and  the  correspondii^ 
value  of  £,  or  the  greatest  possible  height  of  the  pier, 
being  represented  by  H,  we  have 

2  K»  H+F  KcxM.  #=P' H  8in.#-F  icos.  # 

'  •"-!»' sin.#-2K- ^^^ 

It  will  be  observed  that  P  sin.  *  and  P  cos.  *  are  the 

resolved  parts,  horizontally  and  vertically,  of  the  insistent 

pressure  P,  and  that  P"  sin,   *  and  F  cos.  *  are  the 

volumes  of  the  same  material  as  the  pier,  whose  weights 

would  be  equal  to  these  resolved  pressures  ;  moreover, 

that  if  these  volumes  be  supposed  to  be  those  of  masses  of 

the  same  section  with  the  pier,  then  their  heights  will  be 

^  J  ,      P'sin.  *      J  P'cos.* 
lepreaented  by      °^    and     ^g    . 


RULE  TO  DETEBUINEj  BY  CONBTBUCTION,  THE  DIRECTION 
AND  AMOUNT  OF  THE  RESULTANT  PRESSURE  UPON  ANY 
JOINT   OP   A    PIER. 

Let  MN,  fig.  21,  be  any  joint  of  the  pier.  And  PQ 
the  resultant  of  the  pressures  which  it  bears.  Produce 
PQ  to  V  intersecting  the  axis  EX  in  O.  Take  OU 
=ES,  and  OV  equal  to  the  height  of  a  mass,  which 
being  of  the  same  section  and  material  as  the  pier,  shall 
have  a  weight  equal  to  the  pressure  P.  Complete  thff 
parallelogram  OUYV,  and  draw  its  diagonal  OY,  theim 
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will  this  line  be  in  the  direction  of  the  resultant  of  the 
pressures  upon  the  joint  MN ;  its  length  will,  moreover, 
equal  the  height  of  a  mass  of  the  same  section  and 
material  as  the  pier,  the  weight  of  which  mass  would 
just  equal  the  amount  of  this  resultant  pressure. 

It  is  evident,  since  the  resultant  pressures  on  all  the 
joints  pass  through  the  point  O,  and  have  their  di- 
rections between  the  Unes  OV  and  OX,  that  they  are  all 
inclined  to  the  vertical  at  less  angles  than  the  force  P ; 
so  that  if  the  direction  of  PQ  be  not  without  the  limiting 
angle  of  resistance,  then  will  the  directions  of  the  re- 
sultants of  the  pressures  on  none  of  the  joints  be  without 
that  angle,  so  that  none  of  the  stones  of  the  pier  will  be 
made  to  sHp  upon  one  another;  it  can  only  therefore 
fall  by  being  made  to  turn  on  the  edges  of  some  of  its 
subjacent  stones.  The  truth  of  the  above  rule  is  evident 
from  the  theory  given  in  page  43. 


RULE  TO  DETERMINE,  BY  CONSTRUCTION,  WHETHER  A 
PIER  BUILT  UP  OP  SINGLE  STONES,  WITHOUT  CEMENT, 
WILL  STAND  UNDER  THE  PRESSURES  TO  WHICH  IT  IS 
SUBJECTED,    TO    WHATEVER    HEIGHT    IT    MAY    BE    BUILT.* 

Resolve  the  pressures  sustained  by  the  pier^  vertically 

*  Tliis  and  the  following  rules  are  extracted  from  the  author's  work 
entitled  *'  Illustrations  of  Mechanics,"  page  209. 

2  It  will  be  observed  that  if  in  fig.  21  the  distance  EQ  or  ^  exceed 
EA,  the  pressure  P  will  be  applied  on  the  face  or  intrados  AM  of  the 
pier  ;  this  case  is  therefore  fully  included  in  the  results  of  the  preced- 
ing discussion. 
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and  horizontally.  Calculate  the  height  of  a  mass,  which 
heing  of  the  same  substance  and  the  same  section  as  tlie 
pier,  shall  have  a  weight  equal  to  the  sum  of  those 
pressures  which  are  thus  resolved  horizontally.  Let  AS, 
fig.  23,  be  this  height.  From  the  centre  E  of  the  pier 
measure  EG  equal  to  AS,  and  draw  the  vertical  line 
CGX ;  this  hne  will  be  the  asymptote  to  the  line  of 
resistance,  which  has  been  shown  to  he  a  hj'perbola. 
If  GX  lie  within  the  mass  of  the  structure,  or  if  EG 
be  less  than  EB,  or  less  than  half  the  width  of  the 
pier,  then  the  structure  will  stand,  to  however  great  a 
height  it  may  be  built.  If  EG  be  greater  than  EB,  so 
that  GX  lies  without  the  structure,  then  the  pier  cannot 
be  built  above  a  certain  height,  so  as  to  stand  under  the 
insistent  pressures.  . 


BULB  TO  DETERMINE  BY  CONSTRtTCTION  THE  DRKATSSt 
HEIGHT  TO  WHICH  A  PIER  CAN  BE  BHIL-T  80  AS  T* 
arSTAI^i    GIVEN    INSISTENT    PRESSURES. 

Let  P,  fig.  24,  represent  the  point  where  the  resultai 
of  the  insistent  pressures  intersects  the  summit  of  tl 
pier,  and  let  AS  and  AT  represent  the  heights  of  mass 
which,  being  of  the  same  section  and  the  same  mater 
as  the  pier,  shall  eqxial  in  weight  respectively,  the  si 
of  the   insistent    pressures   when  resolved  horizonta 
and  their  sum  when  resolved  vertically. 

Take  EG  equal  to  AS,  E  being  the  centre  of  the  j 
and  let  the  point  G  be  beyond  B,  so  that  the  pier 
(by  the  last  rule)  be  overthrown,  if  raised  above  a  ce 
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height  to  be  determined ;  join  G  U,  and  through  tlie 
point  P  draw  PZ  parallel  to  GU,  then  will  BZ  be  the 
greatest  height  to  which  the  pier  can  be  raised,  or  if  it 
be  c^irried  higher,  then  is  this  the  point  to  which  an 
inclined  buttress  should  be  built  to  support  it.  ^ 


TO  DETERMINE  THE  LINE  OF  RESISTANCE  IN  AN  ARCH 
WHOSE  INTRADOS  IS  A  CIRCLE^  WHOSE  EXTRADOS  IS  OF 
ANY  GIVEN  GEOMETRICAL  FORM,  AND  WHICH  SUPPORTS 
ANY    GIVEN    LOAD. 

Let  ADBF,  fig.  25,  represent  any  portion  of  such  an 
arch,  P  a  pressure  applied  at  its  extreme  voussoir,  and 
X  and  Y  the  horizontal  and  vertical  components  of  any 
pressure  borne  upon  its  extrados,  or  of  the  resultant  of 
any  number  of  such  pressures ;  let  moreover  the  co- 
ordinates, from  the  centre  C,  of  the  point  of  application 
of  this  pressure,  or  this  resultant  pressure,  be  x  and  y. 

Let  the  horizontal  force  P  be  applied  in  AD  at  a 
vertical  distance  p  from  C ;  also  let  CT  represent  any 
plane  which,  passing  through  C,  intersects  the  arch  in 
a  direction  parallel  to  the  joints  of  its  voussoirs. 

*  For  by  similar  triangles 

B Z       B  U  AT 


B  P       B  K       A  S  -  E  B' 
BZ      ^  V     2K     / 


V     2K  / 


.-.  BZ  =  ^     ~   ^-  -_      -^-=  II   by  equation  (4). 
P  sin.  *  — 2  K- 


50  PROFESSOR  MOSELEY'S 

Let  this  plane  be  intersected  by  the  resultant  of  the 
pressures  applied  to  the  mass  ASTD  in  R.  These 
pressures  are  the  weight  of  the  mass  ASTD,  the  load 
X  and  Y,  and  the  pressure  P.  Now  if  pressures  gequal 
and  parallel  to  these,  but  in  opposite  directions,  were 
applied  at  R,  they  would  of  themselves  support  the 
mass,  and  the  whole  of  the  subjacent  mass  TSB  might 
be  removed  without  affecting  the  equilibrium.  Imagine 
this  to  be  done  ;  call  M  the  w^eight  of  the  mass  ASTD, 
and  h  the  horizontal  distance  of  its  centre  of  gravity 
from  C,  and  let  CR  be  represented  by  p,  and  the  angle 
ECS  by  ^,  then  the  perpendicular  distances  from  C  of 
the  pressures  M+Y  and  P— X,  imagined  to  be  applied 
to  R,  are  p  sin.  ^  and  p  cos.  0 ;  therefore  by  the  condition 
of  the  equality  of  moments 

(M+Y)/)sin.^+(P-X)pcos.0=MA+Ya:-Xy+Pp.(5) 

Mh+Yx-'Xy+Pp 
•'•  ^""(M+Y)  sin.  0+(P-X)  COS.  0' 

which  is  the  equation  to  the  line  of  resistance. 

M  and  h  are  given  functions  of  0,  as  also  are  X  and 
Y,  if  the  pressure  of  the  load  extend  continuously  over 
the  surface  of  the  extrados  from  D  to  T. 

It  remains  from  this  equation  to  determine  the  pres- 
sure P,  being  that  supplied  by  the  opposite  semi-arch. 
As  the  simplest  case,  let  all  the  voussoirs  of  the  arch  be 
of  the  same  depth,  and  let  the  inchnation  ECP  of  the 
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It  will  be  observed  that  the  equation  (11)  determines 
the  angle  W  of  rupture  in  terms  of  the  load  Y,  and  the 
horizontal  distance  x  of  its  centre  of  gravity  from  the 
centre  C  of  the  arch,  its  radius  r,  and  the  depth  ar  of 
its  voussoirs ;  moreover,  that  this  determination  is 
wholly  independent  of  the  angle  of  the  arch,  and  is  the 
same  whether  its  arc  be  the  half  or  the  tliird  of  a  circle  ; 
also,  that  if  the  angle  of  the  semi-arch  be  less  than 
that  given  by  the  above  equation  as  the  value  of  W,  there 
are  no  points  of  rupture,  such  as  they  have  been  defined, 
the  line  of  resistance  passing  through  the  springing  of 
the  arch  and  cutting  the  intrados  there. 

The  value  of  W  being  known  from  this  equation,  P  is 
determined  from  equation  (8) ,  and  this  value  of  P  being 
substituted  in  equation  (6),  the  line  of  resistance  is  com- 
pletely determined;  and  assigning  to  0  the  value  ACB  (fig. 
25) ,  the  corresponding  value  of  p  gives  us  the  position  of 
the  point  Q,  where  the  line  of  resistance  intersects  the  low- 
est voussoir  of  the  arch  or  the  summit  of  the  pier ;  more- 
over,  P  is  evidently  equal  to  the  horizontal  thrust  on  the 
top  of  the  pier,  and  the  vertical  pressure  upon  it  is  the 
weight  of  the  arch  and  load :  thus  all  the  elements  which 
determine  the  equilibrium  of  the  pier  (see  page  41)  are 
known,  and  by  substituting  these  in  equation  (4),  page  46, 
we  may  determine  the  greatest  height  of  a  pier  of  given 
dimensions,  or  the  least  dimensions  of  a  pier  of  a  given 
height,  which  shall  just  sustain  the  proposed  arch  and 
its  loading. 

Thus  every  element  of  the  theory  of  the  arch  and  its 
abutments  is  involved  in  the  solution  in  respect  to  W  of 
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equation  (11).  Unfortunately  this  solution  presents 
great  analytical  diflSiculties.  It  may  be  effected  under 
the  form  of  a  series  ascending  by  powers  of  a,  and  the 
two  first  terms  of  that  series  have  been  given  in  the 
paper  on  the  arch,  already  referred  to,  in  the  fifth  volume 
of  the  Cambridge  Philosophical  Transactions. 

The  third  and  fourth  terms  of  this  series  assume  ex- 
ceedingly complicated  analjrtical  forms.  Happily,  how- 
ever, in  the  failure  of  any  direct  means  of  solution,  there 
are  various  methods  by  which  the  numerical  relation  of 
y  and  Y  in  equation  (11)  may  be  arrived  at  indirectly. 
Among  them  one  of  the  simplest  is  this  : — 

Let  it  be  observed  that  that  equation  is  readily  soluble 
in  respect  to  Y ;  instead  then  of  determining  the  value  of 
W  for  an  assumed  value  of  Y,  determine  conversely  the 
value  of  Y  for  a  series  of  assumed  values  of  V.  Knowing 
the  distribution  of  the  load  Y,  the  values  of  x  will  be 
known  in  respect  to  these  values  of  W,  and  thus  the 
values  of  Y  may  be  numerically  determined  and  may  be 
tabulated  ;  from  such  tables  may  be  found  by  inspection 
values  of  W  corresponding  to  given  values  of  Y. 

The  arch  and  its  loading  have  here  been  supposed  to 
be  given,  and  from  these  it  has  been  sought  to  determine 
the  conditions  of  its  stability.  In  the  majority  of  cases, 
however,  the  loading,  placed  within  the  power  of  the 
engineer,  has  to  be  determined ;  the  problem  being  so  to 
load  the  arch  as  to  be  assured  of  its  stability.  This  is  a 
problem  of  comparatively  little  difficulty ;  we  have  only 
to  assume  a  value  of  W,  and  from  equation  (11)  to  de- 
termine the  corresponding  load.     All  tlie  circumstances 
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of  the  equilibrium  of  the  arch  thus  loaded  will  then  be 
known,  and  we  may  so  determine  the  dimensions  of  its 
piers  as  to  give  it  any  required  stability. 

The  values  of  W,  P,  and  r,  are  completely  determined 
by  equations  (29,  30,  31),  and  all  the  circumstances  of 
the  equiUbrium  of  the  circular  arch  are  thence  known, 
on  the  hypothesis,  there  made,  of  a  true  mathematical 
adjustment  of  the  surfaces  of  the  voussoirs  to  one  an- 
other ;  and  although  tliis  adjustment  can  (see  page  14) 
have  no  existence  in  practice  where  the  voussoirs  are 
put  together  without  cement,  yet  may  it  obtain  in  the 
cemented  arch.  The  cement,  by  reason  of  its  yielding 
qualities  when  fresh,  is  made  to  enter  into  so  intimate 
a  contact  with  the  surfaces  of  the  stones  between  which 
it  is  interposed,  that  it  takes,  when  dr)%  in  respect  to 
each  joint,  (abstraction  being  made  of  its  adhedve  pro- 
perties,) the  character  of  an  exceedingly  thin  voussoir, 
having  its  surfaces  mathematically  adjusted  to  those  of 
the  adjacent  voussoirs ;  so  that  if  we  imagine,  not  the 
adhesive  properties  of  the  cement  of  an  arch,  but  only 
those  which  tend  to  the  more  uniform  diffusion  of  the 
pressures  through  its  mass,  to  enter  into  the  conditions 
of  its  equilibrium,  these  equations  embrace  the  entire 
theory  of  the  cemented  arch.  The  hypothesis  here  made 
probably  includes  all  that  can  be  relied  upon  in  the  pro- 
perties of  cement  as  applied  to  large  structures. 

An  arch  may  fall  either  by  the  sinking  or  the  rising  of 
its  crown.  In  the  former  case,  the  line  of  resistance  pass- 
ing through  the  top  of  the  key-stone  is  made  to  cut  the 
extrados  beneath  the  points  of  rupture ;  in  the  latter, 
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passing  through  the  bottom  of  the  key-stone,  it  is  made 
to  cut  the  extrados  between  the  points  of  rupture  and 
the  crown. 

In  the  first  case,  the  values  of  X,  Y,  and  P,  being 
determined  as  before,  and  substituted  in  equation  (6), 
and  p  being  assumed=(l+a)  r,  the  value  of  6y  which 
corresponds  to  p=(l  +  a)  r,  will  indicate  the  point  at 
which  the  line  of  resistance  cuts  the  intrados.  If  this 
value  of  6  be  less  than  the  angle  of  the  semi-arch,  the 
intersection  of  the  line  of  resistance  with  the  extrados 
will  take  place  above  the  springing,  and  the  arch  will 
fall. 

In  the  second  case,  in  which  the  crown  ascends,  let 
the  maximum  value  of  p  be  determined  from  equation  (6) , 
p  being  assumed=r ;  if  this  value  of  p  be  greater  than 
R,  and  the  corresponding  value  of  6  less  than  the  angle 
of  rupture,  the  Une  of  resistance  will  cut  the  extrados  at 
the  point  indicated  by  this  value  of  6  \  the  arch  will 
there  open  at  the  intrados,  and  it  will  fall  by  the  descent 
of  the  crown.  If  the  load  be  collected  over  a  single 
point  of  the  arch,  the  intersection  of  the  line  of  re- 
sistance with  the  extrados  will  take  place  between  this 
point  and  the  crown ;  it  is  that  portion  only  of  the  Une 
of  resistance  which  lies  he  I  ween  these  points  which  enters 
therefore  into  the  discussion.  Now  if  we  refer  to  page 
50,  it  will  be  apparent  that  in  respect  to  this  portion  of 
the  line,  the  values  of  X  and  Y  in  equations  (5)  and  (6) 
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voussoirs  have  the  depth  of  each  voussoir  equal  to  i^o^h 
the  diameter  of  its  intrados,  so  that  a='2,  and  let  the 
load  rest  upon  it  by  three  points  A,  B,  D  of  its  extrados, 
of  which  A  is  at  the  crown  and  B,  D  are  each  distant 
from  it  45°,  and  let  it  be  so  distributed  that  f  ths  of 
of  it  may  rest  upon  each  of  the  points  B  and  D,  and  the 
remaining  J  upon  A ;  or  let  it  be  so  distributed  within 
60°  on  either  side  of  the  crown  as  to  produce  the  same 
effect  as  though  it  rested  upon  these  points. 

Then  assigning  one  half  of  the  load  upon  the  crown  to 
each  semi-arch,  and  calling  x  the  horizontal  distance  of 
the  centre  of  gravity  of  the  load  upon  either  semi-arch 

from  C,  it  may  easily  be  calculated  that    -=  J  sin.  45= 

T 

•5303301.  Hence  it  appears  from  equation  (15)  that 
no  loading  can  cause  the  angle  of  rupture  to  exceed  65°. 
Assume  it  to  equal  60° ;  the  amount  of  the  load  necessary 
to  produce  this  angle  of  rupture,  when  distributed  as 
above,  will  then  be  determined  by  assuming  in  equation 

(11),  y=60°,  and  substituting  for  a  =  -2  and  for  -= 

r 

•5303301.     We  thus  obtain  X  =  -0138.      Substituting 

r 

Y 

this  value  of  --,  and  also  the  given  values  of  «  and  F 

in  equation  (9),  and  observing  that  in  this  equation  ?-    is 

r 

to  be  taken  =  1+a  and  6=0,  we  find  —  =    11832. 

P 

Substituting  this  value  of  — -   in   the   equation  (6),   we 

r 

have  for  the  final  equation  to  the  line  of  resistance 
beneath  the  points  B  and  D 
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_     '2426  vers.  g+ '1493 

^     ^  -0138  sin.  ^+-1183  COS.  ^+ -22^8111.  ^" 

If  the  arc  of  the  arch  be  a  complete  semicircle  (fig. 
26),  the  value  of  p  in  this   equation  corresponding  to 

0  =  ^  will  determine   the  point  Q,  where  the  line  of 

resistance   intersects  the  abutment ;   this  value  is  p  = 
1-09  r. 

If  the  arc  of  the  arch  be  the  third  of  a  circle  (fig.  27), 
the  value  of  p  at  the  abutment  is  that  corresponding  to 

5  =  ^ ;  this  will  be  found   to  be   r,    as   it   manifestly 

ought  to  be,  since  the   points   of  rupture   are   in   this 
case  at  the  springing. 

In  the  first  case  the  volume  of  the  semi-arch  and  load 
is  represented  by  the  formula 


{(K+- 


.     Y-l 

2     '     ^2  J 


rU  (K^-)T  +  4^M•3594r^ 


and  in  the  second  case  by 

Thus,  supposing  the  pier  to  be  of  the  same  material  as 
the  arch,  the  volume  of  its  material,  which  would  have 
a  weight  equal  to  the  vertical  pressure  upon  its  summit, 
would  in  the  first  case  be  '3594  r^,  and  in  the  second 
case  '2442  r^,  whilst  the  horizontal  pressures  P,  would  in 
both  cases  be  the  same,  viz.  11832  r^;  substituting 
these  values  of  the  vertical  and  horizontal  pressures  on 
the  summit  of  the  pier,  in  equation  (4),  page  46,  and  for 
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„  _ '3594  (2  K- '09  r)r^  .oo^ 

11832  r2-2K^      '     ^     ^ 

and  in  the  second  case 

„  _      '4884  K  r^      .  ,33. 

'11832r^-2K2'     ^     ^ 

where  H  is  the  greatest  height  to  which  a  pier,  whose 
width  is  2  K,  can  be  built  so  as  to  support  the  arch. 

If  2K^-.'11832r2=:0,  or*K='243r,  then  in  either 
case  the  pier  may  be  built  to  any  height  whatever, 
without  being  overthrown.  In  this  case  the  breadth  of 
the  pier  will  be  nearly  equal  to  ^th  of  the  span.  The 
dotted  lines  in  the  figure  show  the  dimensions  of  such  a 
pier. 

The  height  of  the  pier  being  given,  (as  is  commonly 
the  case,)  its  breadth,  so  that  the  arch  may  just  stand 
firmly  upon  it,  may  readily  be  determined.  As  an  ex- 
ample,  let  us  suppose  the  height  of  the  pier  to  equal  the 
radius  of  the  arch.  Solving  equations  (32)  and  (33)  in 
respect  to  K,  we  shall  then  obtain  in  the  first  case 
K='1489r,  and  in  the  second  K=15r. 

If  the  span  of  each  arch  be  the  same,  and  r,  and  r^ 
represent  their  radii  respectively,  then  r^=r2  sin.  60°; 
supposing  then  the  height  of  the  pier  in  the  second  arch 
to  be  the  same  as  that  in  the  first,  viz.  r,,  then  in  the 
second  equation  we  must  write  for  H,  r^  sin.  60°.  We 
shall  thus  obtain  for  K  the  value   14  r^. 

The  piers  shown  by  the  dark  lines  in  the  figures  26 
and  27  are  drawn  to  a  scale,  and  are  of  such  dimensions 
as  just  to  be  sufficient  to  sustain  the  arches  which  rest 
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upon  them,  and  their  loads,  both  being  of  a  height  equal  to 
the  radius  of  the  semicircular  arch.  It  will  be  observed, 
that  in  both  cases  the  load  Y=*0138  r^,  being  that  which 
corresponds  to  the  supposed  angle  of  rupture  60°,  is 
exceedingly  small. 

Let  us  next  take  the  example  of  a  Gothic  arch,  and 
let  us  suppose,  as  in  the  last  examples,  that  the  angle  of 
rupture  is  60°,  and  that  a='2 ;  but  let  the  load  in  this 
case  be  imagined  to  be  cflUected  wholly  over  the  crown 

of  the  arch,  so  that  -=  sin.  30°.     Substituting  in  equa- 

r 

tion  (1 1),  30°  for  6,  and  60°  for  W,  and  '2  for  «,  and  sm. 

30°  for  -,  we  shall  obtain  the  value  r3101  for  —  ;  whence 
r  r^ 

p 

by  equation  (9)   —  =-67008,  and  this  value  being  sub- 

stituted,  equation  (6)  gives  1048  for  the  value  of  p  when 
0  =  '^,     We  have  thus  all  the  data  for  determining  the 

width  of  a  pier  of  given  height,  which  will  just  support 
the  arch.  Let  the  height  of  the  pier  be  supposed,  as 
before,  to  equal  the  radius  of  the  intrados ;  then  since 
the  weight  of  the  semi-arch  and  its  load  is  r54r^,  and 
the  horizontal  thrust  (i/OOSr^,  the  width  2K  of  the  pier 
is  found  by  equation  (4)  to  be  422  r. 

Fig.  28  represents  this  arch ;  the  square,  formed  by 
dotted  Unes  over  the  crown,  shows  the  dimensions  of  the 
load  of  the  same  materials  as  the  arch,  which  will  cause 
the  angle  of  the  rupture  to  become  60°;  the  piers  are  of 
the  required  width  422  r,  such  that  when  their  height  is 
equal  to  AB,  as  shown  in  the  figure,  and  the  arch  bears 
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this  insistent  pressure,  they  may  be  on  the  point  of  over- 
turning. The  great  amount  of  the  load  Y,  which  in 
this  arch  corresponds  to  an  angle  of  rupture  of  60°, 
shows  that  angle  to  be  much  less  than  60°  in  the  great 
majority  of  the  cases  which  are  offered  in  the  practice 
of  the  Gothic  arch. 

It  is  not  possible,  within  the  limits  necessarily  assigned 
to  theoretical  investigations  in  a  work  like  this,  to  enter 
further  upon  the  discussion  of  those  questions  whose 
solution  is  involved  in  the  equations  which  have  been 
given ;  these  can,  after  all,  become  accessible  to  the 
general  reader  only  when  tables  shall  be  formed  from 
them. 

The  equiUbrium  of  the  arch  is  a  particular  case  of  the 
equiUbrium  of  a  system  of  bodies  in  contact.  The  con- 
ditions of  the  equiUbrium  of  such  a  system  will  be  found 
discussed  under  a  general  form  in  the  Appendix. 

H.    MOSELEY. 

King's  College, 
November  5th,  1839. 
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FOUNDATIONS    OF    BRIDGES 


BY  T.   HUGHES,  Civil  Engineer. 


No.    1. 

The  foundations  of  a  bridge,  consisting  properly  of  the 
underground  work  of  the  piers  and  abutments,  must 
naturally  claim,  in  a  very  eminent  degree,  the  attention 
of  the  engineer  or  bridge  architect. 

The  most  refined  elegance  of  taste,  as  applied  in  the 
architectural  embellishment  of  the  structure — the  most 
scientific  arrangement  of  the  arches,  and  disposition 
generally  of  the  superior  parts  of  the  work — and  the 
most  judicious  and  workmanlike  selection,  and  subse- 
quent combination  of  the  whole  materials  composing  the 
edifice,  are  evidently  secondary  to  the  grand  object  of 
producing  certain  firm  and  solid  bases,  whereon  to  carry 
up  to  any  required  height  the  various  pedestals  of  sup- 
port for  the  arches  of  the  bridge. 

Indeed,  the  necessity  of  firmness  and  solidity  in  the 
foundations  will  be  deemed  of  importance  just  in  pro- 


the  foundation,  not  as  a  part  of  1 
but  as  an  artificial  support  on  whic 
placed  ;  and  justly  observ^es,  that  if 
building  consisted  of  rock,  or  other  s 
with  the  material  of  which  foundatic 
these  w^ould  be  unnecessary,  and  th- 
commenced  and  carried  up  without  ] 
of  the  bottom. 

In  founding  bridges  to  be  built  c 
ways,  it  seldom  happens  that  much 
and  the  simple  expedient  of  piling, 
where  the  bottom  is  unsound,  may 
and  will  usually  ensure  the  stability  o 
The  difficulty  which  sometimes  will 
easily  accessible  cases  of  fovmdation 
discussed  ;  the  immediate  object  to  v 
be  principally  confined  being  that  ( 
practical  example  the  most  approved  i 
the  more  difficult  and  important  ki 
tended  to  carry  roads  of  communic 
and  rivers.     Althou2;h    in  such  bri( 
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obtained,  yet  many  instances  have  occurred,  and  many 
will,  no  doubt,  occur  in  future,  where  bridges  must  be 
built  over  deep  and  rapid  rivers,  the  course  of  which  can 
on  no  account  be  diverted,  and  where,  consequently, 
all  the  difficulties  of  operating  in  the  midst  of  water 
must  be  contended  with  and  overcome. 

Before  attempting  to  classify  and  describe  in  detail  the 
various  methods  at  present  in  use  for  constructing  the 
foundations  of  bridges  under  water,  it  may  be  interesting 
briefly  to  review  some  of  the  older  and  ruder  contriv- 
ances of  our  ancestors.  Treating  on  this  subject,  an 
article  of  great  research  and  ability  is  given  in  the 
Encyclopaedia  Metropolitana,  which  describes  four 
methods  of  laying  foundations,  by  means  of  caissons, 
the  oldest  form  of  which  is  no  more  than  a  basket  of 
strong  construction,  such  as  are  made  of  the  pliable 
boughs  or  branches  of  trees,  which,  being  weighted 
with  stones,  are  lowered  to  the  bottom,  and  then  filled 
with  the  same  description  of  material,  until  raised  to 
within  a  foot  or  sixteen  inches  of  the  lowest  water 
surface.  The  application  of  ingenuity  and  science  to 
works  of  this  kind  naturally  led  to  the  substitution 
of  wooden  chests,  strongly  hooped  with  iron,  instead 
of  the  original  baskets ;  and  these  wooden  chests,  being 
filled  with  a  sufficient  weight  of  masonry,  were  sunk 
to  the  bed  of  the  river,  as  practised  by  Labelye  and 
Mr.  Mylne  in  the  construction  of  Westminster  and 
Blackfriars  Bridges.  It  must  not  be  supposed,  however, 
that  the  idea  of  using  caissons  of  a  sufficient  size  to 
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contain  a  whole  pier  was  put  in  practice  in  the  early 
days  of  bridge  buildii^.  The  caissons  of  basket-work 
here  mentioned  were  of  sniall  dimensions,  and  several 
of  them,  according  to  their  mze,  were  required  to  com- 
pose the  foundation  of  a  pier  or  abutment.  Hie  first 
use  also  of  wooden  caissons  was  limited  to  those  of  five 
or  six  feet  square,  and  it  may  therefore  be  ranked  as  a 
bold  and  most  important  advance  of  modem  science  to 
practise  the  expedient  of  constructing  in  a  caisson  above 
ground  immense  masses  of  masonry,  weighing  many 
hundred  tons,  and  sinking  them,  still  solid  and  united, 
down  to  the  ground,  through  a  considerable  depth  of 
water. 

Considering  only  shallow  rivers,  it  would  seem  that 
the  rude  caissons  used  by  our  ancestors  effected  tolerably 
well  the  purpose  for  which  they  were  designed,  but  in 
rivers  of  magnitude,  and  particularly  those  where  strong 
cm-rents  existed,  it  was  found  necessary  to  construct 
the  piers  on  dry  ground.  The  most  obvious  expedient 
for  attaining  this  end  is,  in  the  first  instance,  to  preserve 
a  good  and  direct  approach,  leading  to  and  over  the 
bridge,  and  then  to  place  the  site,  not  over  the  river, 
but  at  some  convenient  distance  from  it,  forming  the 
piers  in  a  range  with  the  general  direction  of  the  stream, 
and  at  right  angles  with  the  approach  alluded  to,  then 
turning  the  course  of  the  river  by  a  new  channel  through 
the  water  way  of  the  bridge. 

This  will  at  once  be  understood  by  referring  to  the 
accompanying  figure  I,  which  represents  the  plan  of  a 


or  BRIDGES.  5 

bridge  to  be  built  in  a  neck  of  land,  formed  by  a  bend 
of  the  river,  which  must  afterwards  be  diverted  from  its 


course  in  the  direction  of  the  dotted  line  AB,  and  the 
roadway  can  be  readily  embanked  across  the  old  channel, 
which  will  be  lend  dry.  Even  when  the  original  course 
of  the  river  is  nearly  straight,  the  expense  of  fixing  the 
bridge  in  that  situation  might  be  attended  with  such 
serious  difficulties,  as  to  warrant  the  engineer  in  slightly 
turning  the  river,  and  thus  have  the  advantage  of  build- 
ing on  a  firm  bottom  at  a  very  moderate  cost,  as  com- 
pared with  the  other  situation,  and  so  avoid  the  danger 
and  difficulty  to  which  I  allude  ;  the  accompanying 
sketch,  fig.  2,  shows  the  appearance  of  the  diversion ; 
the  bridge  to  be  built  on  dry  land  on  either  side  of  the 
old  channel. 

Such  are  the  circumstances  of  position  in  which  many 


practitioners,  it  may  be  necessary,  in  a  future  page,  to 
make  some  remark  on  the  most  practicable  method  of 
building  the  bridge,  and  effecting  the  diversion  of  the 
river  in  such  situations. 

This,  it  will  obviously  be  seen,  involves  the  necessity, 
during  the  period  of  getting  in  the  foundations,  of 
keeping  them  clear  of  water,  which  might  drain  into 
them  from  the  adjacent  river  ;  and  again,  some  skill  and 
experience  will  naturally  be  required  in  the  management 
of  the  river  at  the  time  when  the  new  channel  is  pre- 
pared to  receive  it,  othen^^ise  dangerous  consequences 
might  arise  from  the  overfow,  and  breaking  down  of 
the  banks,  or  temporary  dams  or  stanks. 
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All  this  will  be  treated  of  in  future,  whilst  at  present 
we  confine  ourselves  to  the  kind  of  foundation  adopted 
by  the  ancients  for  large  bridges,  built  in  the  situation 
we  have  been  describing. 

This  brings  us  to  the  subject  of  piles,  which,  when  the 
bottom  w^as  very  unsound,  were  driven  down  entirely 
over  the  site  of  the  proposed  piers.  The  most  remark- 
able difference  between  the  practice  of  the  ancients  and 
the  moderns  in  founding  on  piles  as  a  foundation,  is 
that  the  former,  instead  of  evenly  cutting  off  the  pile 
heads,  and  planking  over  them  with  a  platform  of 
timber,  were  accustomed  to  fill  in  between  them,  with  a 
species  of  coarse  concrete,  called  by  the  French  heton, 
and  which,  being  brought  to  a  level  surface,  formed  the 
bed  on  which  the  first  course  of  stone  was  placed. 

We  believe  that  since  some  recent  publications  on  the 
subject  of  limes  and  concrete,  i)articularly  that  very 
excellent  one  by  Colonel  Pasley  on  calcareous  mortars 
and  cements,  and  another  by  Mr.  Godwin  on  concrete, 
no  apology  is  necessar}'^  for  what  some  years  since  would 
have  been  pronounced  the  anachronism  of  ascribing  the 
use  of  concrete  to  the  ancients,  and  especially  to  the 
Romans.  Both  the  authors  above  mentioned  concin*  in 
admitting  that  the  use  of  a  concrete  niixture,  composed 
of  lime  and  coarse  gravel,  is  by  no  means  an  exclusively 
modern  practice. 

The  piles  for  foundations  of  old  bridges  were  dis- 
tributed much  in  the  same  way  as  for  modern  structures, 
namelv,  three  or  four  feet  apart,  and  the  extent  to  which 
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they  were  driven  was  regulated,  aa  of  course  it  ought 
to  have  been,  by  the  nature  of  the  ground  bottom. 

Another  method  of  using  piles,  besides  that  of  esta- 
blishing a  foundation  for  the  masonry,  was  much  prac- 
tised by  the  ancients  for  building  in  water.  This  method 
is  called  hy  the  French  encaissement,  and  is  still  practised 
along  the  shores  of  the  Mediterranean.  The  following 
is  the  system  pmsued.  Main  piles  are  driven  in,  with 
sheet-pijing  between  them,  secured  and  bound  round 
with  waling,  as  in  the  modem  coffer-dam,  but  it  must 
be  imderstood  that  for  the  purpose  of  encaissement,  only 
one  row  of  piles  is  to  be  driven  all  round  the  space  of 
the  pier  or  abutment  to  be  founded,  and  not  a  double 
row  of  piles  to  be  filled  with  clay  as  in  a  cofier-dam. 
When  the  space  to  be  occupied  by  the  foundation  has 
been  entirely  enclosed  by  this  wooden  encaiasement, 
and  the  compressible  material  within  the  enclosure  has 
been  taken  out,  a  mass  of  concrete  or  dry  rubble  stones 
is  thrown  into  it,  and  the  foundation  is  formed  in  this 
manner  until  the  work  reaches  the  level  of  the  water. 
Foundations  within  encaissements  should  be  allowed  some 
time  to  settle,  and  become  solid  before  the  dressed 
masonry  is  laid  in  courses  upon  them. 

In  this  manner  many  celebrated  works  were  founded 
on  the  Continent,  and  the  system  was  particularly 
approved  of  by  Belidor,  who  much  preferred  it  to  that 
of  constructing  foundations  entirely  of  dressed  stones. 
Another  great  eupament  in  favour  of  this  system  arises 
from  the  saving  of  coffer-dams,  which  are  always  found 
to  be  very  tedious  and  expensive  works. 
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As  connected  with  the  use  of  concrete  during  late  years 
in  the  foundations  of  bridges,  Mr.  Peter  Semple,  archi- 
tect of  a  bridge  over  the  Liffey  at  Dublin,  seems  entitled 
to  considerable  credit,  if  not  for  the  re-invention  of  this 
substance,  at  least  for  setting  the  example  of  using  it  on 
an  extensive  scale. 

This  author  gives  a  design,  which  bears  a  precise  re- 
semblance to  the  form  of  encaissement  above  described. 
In  a  river  six  feet  deep,  for  example,  he  proposes  to 
drive  sheeting  piles,  about  ten  feet  in  length,  to  a  depth 
of  four  feet  into  the  ground  all  round  the  site  of  each 
pier,  and  to  fill  the  space  or  coffer  thus  formed  with  a 
bed  of  concrete,  six  feet  in  depth. 

The  top  of  the  concrete  being  level  with  the  surface 
of  summer  low  water  mark,  he  proposes  thereupon  to 
commence  the  masonry,  and  carry  it  up  to  springing 
height  clear  of  the  water. 

Before  concluding  this  brief  glance  at  the  practice  of 
the  ancients,  it  may  be  necessary  to  notice,  that  on 
examining  the  foundations  of  old  bridges,  particularly  in 
this  country,  they  are  all  found  to  be  extremely  massive, 
and  the  piers  were  even  carried  up  above  water,  of  a 
thickness  quite  incommensurate  with  the  necessity  of  the 
case.  On  inspecting  the  masonry  of  their  foundations, 
however,  it  is  found  that  no  very  great  attention  has 
been  paid  to  the  regularity  of  courses,  or  to  the  per- 
fection of  beds  and  joints.  Some  of  the  strongest 
specimens  of  ancient  masonry  existing  in  this  country 
consist  of  a  kind  of  building  little  superior  to  rubble 
walling,  with  this  most  important  qualification,  that  the 
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mortar  is  alwajrs  of  an  excellent  description,  and  in  most 
cases,  by  no  means  inferior  in  hardness  and  cohesiveness 
to  the  stone  itself. 

It  is  no  uncommon  thing  to  witness,  for  instance,  the 
face  of  old  buildings,  where  the  masonry  has  been  in- 
dented and  sensibly  decomposed  by  the  varied  action  of 
air,  water,  and  firost,  while  the  horizontal  bands  or  joints 
of  mortar  project  sensibly  beyond  the  stone-work,  clearly 
indicating  that  a  greater  redstance  has  here  been  offered 
than  by  the  stone  itself.    The  mortar  of  the  ancients 
usually  contained  a  great  number  of  small  stones  or 
pebbles,  some  of  them  equal  in  size  to  a  pigeon's  egg, 
and  was  altogether  of  a  much  coarser  description  than 
that  used  in  the  present  day.     Another  point  of  im- 
portance in  the  bridge  architecture  c^  the  ancients  is 
deserving  of  attention.    For  the  most  part,  the  bold 
designs  of  modem  engineers,  who  devote  their  talents  to 
the  object  of  spanning  the  most  majestic  rivers  with  one 
vast  arch,  were  preceded  by  structures,  consisting  of  a 
long  low  series  of  culverts,  hardly  deserving  the  name  of 
arches,  with  intervening  piers,  often  of  greater  thickness 
than  the  span  of  the  arches  they  were  built  to  support. 
Bridges  of  this  kind  are  worthy  of  no  higher  appellation 
than  very  thick  walls,  or  embankments,  perforated  by  a 
multitude  of  small  openings,  and,  as  compared  with  the 
structures  of  modem  days,  they  are  utterly  contemptible 
and  insignificant.     But  in  founding  the   piers   of  such 
bridges  a  great  deal  of  the  difficulty  attendant  on  the 
modern  works  was  entirely  avoided.     We  know  that  if  a 
given  weight  be  distributed  among  a  great  many  points 


of  support,  the  pressure  upon  each  point  is  propor- 
tionably  diminished;  and  hence  the  twenty  or  thirty 
piers,  which  were  sometimes  built  in  the  old  bridges, 
had  each  to  support  very  little  more  than  its  own 
weight. 

It  is  easy  from  this  consideration  to  discover  one 
reason  why  the  precaution  of  piling  was  so  commonly 
dispensed  with,  although  it  would  probably  be  erroneous 
to  attribute  it  entirely  to  this  circumstance.  The  ancients, 
in  their  bridges,  throughout  the  whole  structure,  sub- 
stituted quantity  for  quality,  that  is  to  say,  huge  masses 
of  rough  undressed  masonry,  or  rubble,  instead  of  the 
firm,  compact,  and  elegant  piers  of  modern  bridges, 
which,  above  the  bed  of  the  river  at  all  events,  are 
invariably  built  with  the  most  durable  stone,  of  well- 
squared  dressed  ashlar  fronts  and  suitable  filling  within. 

The  charge  of  clumsiness,  however,  conveys  no  re- 
proach upon  the  judgment  of  an  engineer,  if  it  be  con- 
fined to  the  work  sunk  into  the  ground  under  water, 
particularly  as  in  such  a  situation  it  presents  no  obstruc- 
tion to  the  free  course  of  the  river. 

Indeed,  it  may  often  be  most  judicious,  because  most 
economical,  to  construct  large  and  massive  bases  for  the 
piers  of  a  bridge  to  be  raised  upon,  instead  of  building 
up  regularly  dressed  courses  of  masonry  from  the  very 
bottom,  within  a  coffer-dam. 

As  this  practice  has  been  very  successfully  adopted 
in  some  projecting  sea  piers  of  modern  construction,  as 
well  as  of  great  magnitude,  it  may  not  be  unintcrcstiiij 
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to  describe  them  as  practical  examples,  which  may  be 
safely  followed  under  corresponding  drcumstances.  The 
first  work  of  the  kind  I  shall  describe  was  projected  by 
Mr.  Telford,  and  executed  under  the  superintendence  of 
Mr.  David  Henry,  at  Ardrossan  Harbour,  in  Ayrshire, 
N.  B. ;  and  as  the  mass  of  stones  used  in  the  foundation 
was  there  set  in  tolerably  r^ular  order  under  water, 
without  the  aid  of  coffer-dam,  or  caisson  of  any  kind, 
there  can  be  no  doubt  t^  the  same  system  being  equally 
practicable  in  many  cases  of  bridge  foundations. 

The  stones  at  Ardrossan  were  of  very  large  superfidal 
dimensions,  Taiying  fixnn  six  to  ten  feet  long,  and  three 
to  five  feet  wide ;  they  were  first  held  fitst  by  an  imple- 
ment, technically  calkd  nippers  or  devil's  claws,  and 
were  then  lowraed  by  a  crane  through  a  depth  of  six  or 
eight  fiset  of  water  on  to  a  hard  and  solid  foundation. 
The  blocks  were  placed  end  to  end,  the  position  of  the 
last  stone  lowered  being  found  by  probing  with  a  slight 
iron  rod ;  and  as  soon  as  each  stone  was  in  its  place 
longitudinally,  the  claws  were  disengaged,  and  the  stone 
allowed  to  rest  upon  the  course  below,  as  seen  in  fig.  3. 
The  courses  were  continued  entirely  through  the  whole 
thickness  of  the  pier ;  and  when  a  sufficient  number  had 
been  laid  to  bring  the  work  up  to  the  height  of  low  water 
spring  tides,  the  whole  breadth  was  levelled,  and  all  the 
unequal  projections  chipped  off,  in  order  to  prepare  a 
bed  for  the  first  course  of  dressed  masonry.  The  work 
then  proceeded  in  the  regular  manner,  consisting  of 
alternate   headers   and   stretchers   of    properly   squared 
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ashlar  in  front,  with  dry  stone  hearting  of  squared 
scapple  dressed  rubble  inside,  and  in  this  way  was 
carried  up  to  the  full  height  required. 

When  the  writer  visited  this  work,  in  the  year  1818, 
it  had  been  advanced  a  considerable  distance  into  the 
sea ;  and  although  parts  of  it  had  been  exposed  to  some 
very  heavy  storms,  neither  flaw  nor  settlement  could  be 
discovered  in  any  part  of  this  excellent  piece  of  dry-built 
masonry. 

From  an  account  of  some  foundations  similar  to  that 
described  above  in  the  recently  published  life  of  Mr. 
Telford,  it  may  be  seen  that  the  practice  has  been  much 
more  extensively  adopted,  and  a  far  bolder  attempt 
carried  out  by  Mr.  Gibb,  of  Aberdeen,  than  the  one 
acted  upon  in  the  other  work  at  Ardrossan.  Tlie  pier 
at  Aberdeen  is  extended  into  the  sea,  with  a  breadtli  at 


the  base  of  seventy-five  feet,  the  bottom  consisting  en- 
tirely of  irregularly  shaped  masses  of  stone,  which  having 
been  conveyed  to  the  spot  in  boats,  were  tumbled  in  by 
chance  to  the  depth  of  ten  or  twelve  feet.  In  the 
drawings  composing  the  Atlas,  which  accompanies  the 
life  of  Mr.  Telford,  the  low  water  mark  is  shown  about 
fourteen  feet  above  the  bottom,  and  in  the  narrative  of 
this  work  by  Mr.  Gibb,  he  states,  that  the  bottom  under 
the  foundation  is  nothing  better  than  loose  sand  and 
gravel,  and  that  the  front  ashlar  commences  at  about  one 
foot  under  low  water  mark,  and  is  carried  up  to  the  top 
of  the  pier,  which  the  drawing  shows  to  be  about  thirty- 
three  feet  in  height  from  the  bottom  to  the  top.  The 
rise  of  the  tide  is  shown  to  be  fourteen  feet,  the  breadth 
of  the  pier  twenty-eight  feet,  the  sides  carried  up  with  a 
slope  inwards.  Fig.  4.  describes  the  method  adopted  by 
Mr.  Gibb. 
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The  last  description  of  foundation  which  we  shall 
describe  as  practicable  in  many  situations,  where  the 
necessary  funds  cannot  be  obtained  for  raising  the  piers 
of  a  bridge  within  a  coffer-dam,  or  on  a  caisson  bottom, 
was  practised  at  Inverness,  under  the  superintendence  of 
the  writer,  agreeably  to  instructions  given  by  Mr.  Tel- 
ford. In  order  that  the  nature  of  this  work  may  be 
understood,  it  must  be  explained  that  the  old  harbour  of 
Inverness  is  situate  on  a  part  of  the  river  Ness,  about  a 
quarter  of  a  mile  from  its  entrance  into  the  firth  or  arm 
of  the  sea,  with  which  it  communicates.  The  river  has 
a  considerable  fall  from  the  old  harbour  towards  the  sea, 
and  the  tide  does  not  rise  within  several  feet  of  the  same 
height  at  the  former  place,  as  it  does  lower  down.  The 
consequence  was,  that  the  larger  description  of  vessels 
which  frequented  the  port  could  navigate  the  river  only 
at  high  water  of  spring  tides ;  and  as  the  trade  increased 
in  common  wdth  that  of  many  other  ports,  during  the 
late  w^ar,  this  inconvenience  w^as  most  sensibly  felt. 

The  tow^n  funds  were  inadequate  to  defray  the  expense 
of  deepening  the  river  by  bringing  up  the  dead  level  from 
the  sea,  and  afterwards  building  from  the  bottom  a 
suitable  breast  work  for  unloading  at  the  harbour.  The 
expedient  eventually  decided  upon  w^as  that  of  building 
a  pier  or  landing  wharf  at  some  distance  down  the  river, 
at  a  place  where  the  water  was  already  tolerably  deep, 
and  at  which  large  vessels,  passing  up  the  river,  might 
discharge  a  part  of  their  cargo,  and  then,  after  being  thus 
lightened,  and  rendered  capable  of  floating  in  a  less 
depth  of  water,  pass   up  with    the   remainder   of  their 
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•cargo  into  the  more  conTenient  accommodation  afibrded 

by  the  harbour. 

The  usual  and  modem  practice  of  founding  works  of 
this  kind  is  by  coffer-dam,  but  the  low  state  of  the  funds 
applicable  to  the  work  rendered  it  impossible  to  carry 
into  effect  so  expensive  an  operation.  In  this  extremity, 
Mr.  Telford  was  consulted,  and  he,  considering  all  the 
circumstances  of  the  case,  and  particularly  the  great 
necessity  for  practising  economy,  gave  instructions  for  a 
mode  of  putting  in  the  foundations,  which  it  may  be 
useful  to  describe  in  detail.  At  the  site  fixed  upon  for 
the  intended  pier,  the  depth  of  water,  at  the  lowest 
spring  tides,  was  never  less  than  four  feet,  and  at  or- 
dinary low  water  five  or  six  feet ;  the  bottom  a  very 
hard  gravel,  united  with  clay.  The  whole  length  of  the 
breast  work  was  about  one  hundred  and  sixty  feet,  and 
throughout  this  distance  the  bottom  was  dredged  out,  to 
the  width  of  eight  feet,  and  depth  of  two  feet,  to  receive 
the  masonry. 

A  simple  system  of  pUing  was  however  driven  previous 
to  founding  the  masonry.  The  piling  consisted  of  two 
bearing  piles,  twelve  feet  long,  and  eight  inches  diameter, 
driven  down  at  intervals  of  twenty  feet ;  and  across  the 
heads  of  these  piles,  and  level  with  low  water  mark, 
cross  pieces  of  elm  planking  twelve  feet  long,  three 
inches  thick,  and  one  foot  wide,  were  fastened  with 
trenails.  On  the  top  of  these  were  laid  longitudinal 
half  timbers,  one  foot  wide,  and  six  inches  deep,  secured 
to  the  cross  pieces  and  bearing  piles  by  rag  bolts,  driven 
into  each  pile  head. 
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The  accompanying  sketches,  figs.  5  and  6,  will  amply 
illustrate  the  forms  and  disposition  of  the  timber  work 
in  the  foundation.      In  addition  to  the   bearing  piles, 
Fig.  5. 

1  --.'^,   '":n    r~n    m    r— n 


a  row  of  timber  slabs,  of  inferior  quality,  was  also  driven 
down  a  few  inches  into  the  bottom,  at  intervals  of  about 
ten  or  twelve  inches ;  these  had  a  spike  driven  through 
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them,  near  their  heads,  and  into  the  longitudinal  logs 
of  half  timbers  ;  they  were  merely  to  answer  the  purpose 
of  guide  timbers,  to  set  the  stones  by,  and  to  determine 
the  guage  or  breadth  of  the  work,  and  were  afterwards 
removed. 

The  bottom  on  which  the  jiier  was  to  be  founded 
being  now  made  as  level  as  possible  by  means  of  dredg- 
ing with  the  common  bag  and  spoon  apparatus,  the 
stones  were  brought  to  the  place  in  boats,  and  lowered 
by  a  crane,  in  such  a  way  that  as  soon  as  each  stone 
was  placed  in  its  proper  position  the  lewis  could  be 
withdrawn  without  difficulty. 

This  will  be  understood  on  referring  to  fig.  7,  which 
represents  the  lewis,  fixed 
in  a  stone,  ready  prepared 
for  being  lowered  through 
the  water  into  the  founda- 
tion. The  lewis  consisted 
of  two  pieces  of  iron  B 
and  D,  and  in  order  to  use  i 
it  a  part  of  the  stone  must 
be  cut  out,  sufficiently  wide  \ 
at  top  to  receive  the  base  of  the  part  B,  the  base  of  the 
opening  of  the  stone  being  equal  to  the  united  width  of 
D  and  B ;  A  is  the  chain  suspended  from  the  arm  of 
the  crane,'  and  E  a  small  rope  or  string,  of  which  the 

'  It  is  quite  evident  that  by  any  other  mode  of  auBpending  the  stones 
excepting  that  of  the  lenie,  which  could  be  disengaged  under  water, 
even  an  approximation  to  a  close  joint  could  never  have  been  efiected 
in  the  utuation  now  described. 
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end  is  kept  above  water,  to  pull  out  the   rectangular 
part  D  of  the  lewis. 

It  is  easy  to  see  the  method  of  using  this  instrument : 
the  piece  B  is  first  inserted,  and  D  is  then  put  in  to 
secure  it,  when  it  is  evident  that  the  heavier  the  stone 
may  be,  provided  it  be  strong  enough,  the  more  securely 
will  it  be  held  by  the  lewis  when  suspended  from  the 
crane.  Conceive  the  stone  now  to  have  been  lowered 
through  the  water,  and  carefully  laid  in  its  proper  place 
in  the  foundation ;  the  chain  from  the  barrel  of  the 
crane  is  then  loosened,  and  the  part  B  of  the  lewis  being 
slightly  knocked  with  an  iron  rod  from  above,  is  easily 
made  to  drop  down  into  the  vacant  space  C.  It  is 
evident  that  the  fastening  piece  D  will  then  be  loose, 
because  between  this  and  B  there  is  a  space  left  equal 
to  the  difference  between  the  base  of  B,  and  the  base 
of  the  opening  in  the  stone.  D  may  therefore  be  drawn 
out  by  means  of  the  string  E,  and  B  will  readily  follow 
on  pulling  the  chain  A,  and  the  lewis  is  again  ready  to 
be  inserted  in  another  stone. 

All  the  front  stones  of  the  foundation  were  laid  with  a 
lewis  of  this  kind,  as  well  as  the  backing  of  squared 
stones^  which  were  previously  scapple-dressed  at  the 
quarry.  The  whole  of  the  stones  in  any  one  course,  for 
the  length  of  the  pier,  were  laid  of  equal  thicknesses ; 
they  ranged  from  four  to  seven  feet  long,  and  from  three 
to  four  feet  wide.  As  soon  as  one  course  was  complete 
another  was  laid,  and  the  length  of  each  stone  being 
marked  on  the  longitudinal  beams  above  the  piling,  it 
was  easy  to  set  them  so  as  to  break  bond,  and  the  whole 
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process  of  thus  building  under  water  was  effected  with 
the  utmost  regularity,  and  with  less  difficulty  than  could 
have  been  anticipated  by  the  most  sanguine  advocates  of 

the  plan. 

When  all  the  building  was  carried  up  as  high  as  the 
surface  of  the  lowest  water  mark  of  a  spring  tide,  any 
irregularity  on  the  top  was  taken  off,  and  the  whole 
surface  careftilly  levelled,  and  on  it  the  ashlar  masonry 
was  commenced  and  carried  up  with  a  vertical  batter. 
This  work  consisted  of  stones  with  picked  fronts  and 
chisel-draughts  round  the  edges,  the  ends,  beds,  and  face, 
properly  squared.  The  backing  was  of  good  common 
rubble,  and  the  whole  being  raised  to  three  feet  above  the 
highest  spring  tides,  was  finished  off  with  a  heavy  coping, 
properly  dowelled,  cramped,  and  secured  with  lead. 

This  work,  from  its  situation,  is  called  the  Thorn 
Bush  Pier;  the  date  of  its  construction  was  1815,  and 
up  to  the  present  time  no  appearance  of  failure  or  im- 
perfection has  been  observed. 

Another  proof  is  thus  afforded  that  foundations  of 
magnitude  and  importance  may  be  laid  under  water 
without  resorting  either  to  coffer-dams  or  caissons.  It 
is  important,  however,  that  the  engineer,  before  deter- 
mining on  adopting  a  plan  of  this  bold  and  somewhat 
hazardous  nature,  should  be  well  satisfied  of  the  firmness 
and  soUdity  of  the  bottom  on  which  his  viork  is  to  be 
founded.  Very  hard  gravel,  some  of  the  clays,  and  rock, 
are  excellent  as  foundations  ;  but  these,  amongst  other 
kinds,  will  be  particularly  discussed,  when,  in  a  future 
paper,  we  shall  treat  of  the  probable  causes  of  fiulure 
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of  settlement,  and  giving  way  of  the  piers  and  abutments 
of  bridges. 

No.  2. 

When  an  engineer  decides  on  founding  the  piers  of  a 
bridge  within  a  coffer-dam,  it  has  been  a  very  general 
practice  to  leave  the  form  and  construction  of  the  dam 
entirely  to  the  contractor,  on  whom  rests  the  responsi- 
bility of  devising  the  proper  means  for  keeping  out  the 
water  while  such  a  foundation  is  being  constructed,  as 
may  have  been  described  in  the  specification,  or  after- 
wards directed  by  the  engineer,  when  he  becomes  fully 
acquainted  with  the  nature  of  the  ground  to  be  built  upon. 

This  practice  of  leaving  undefined  the  mode  of  con- 
structing the  coffer-dam,  and  thus  relying  upon  the 
contractor's  judgment  and  experience  in  all  the  im- 
portant details  relating  to  the  length  and  scantUng  of 
the  piling,  the  extent  of  driving,  and  the  thickness  of 
the  clay  puddle  between  the  rows,  has  been  followed, 
we  believe,  almost  universally  by  the  railway  engineers 
in  their  specifications  for  bridges,  where  it  was  Ukely 
that  a  coffer-dam  would  be  required. 

Hence,  the  young  engineer  must  look  to  other  sources 
than  the  ordinary  modern  practice  of  engineering  for 
information  on  the  subject  of  coffer-dams,  and  probably 
to  no  work  in  this  country,  or  indeed  in  Europe,  can  he 
turn  with  more  certainty  of  deriving  the  best  practical 
knowledge  than  to  those  excellent  dams  constructed  by 
Mr.  Thomas  Rhodes  at  the  St.  Katherine's  Dock,  under 
the  direction  of  Mr.  Telford  ;  and  those  more  recently 
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constructed  under  the  superintendence  of  Mr.  Walker, 
the  one  at  BlackMars  Bridge,  rendered  necessary  during 

the  repair  of  the  foundations,  and  the  other  at  the  site 
of  the  New  Houses  of  Parhament  at  Westminster. 

Mr.  Walker,  who,  from  his  position  as  President  of 
the  Institution  of  Civil  Engineers,  and  as  the  successor 
of  Mr.  Telford  in  that  honourable  station,  may  be  con- 
sidered tlie  othcial  head  of  his  profession  in  this  country, 
has  not  thought  it  beneath  his  dignity  to  furnish  the 
contractor  with  drawings,  and  a  detailed  specification 
of  the  form  and  entire  construction  of  the  cofier-dam. 
On  these,  and  those  constructed  by  Mr.  Rhodes,  the 
young  engineer  may  safely  depend  in  all  similar  works 
with  which  he  may  be  engaged.  We  shall,  however,  in 
our  next,  give  instructions  for  constructing  a  dam  to 
stand  against  forty  feet  of  water. 

The  practice  of  employing  caissons  appears,  diiring 
late  years,  gradually  to  have  been  given  uj),  and  few 
modern  examples  of  their  use  can  be  found  ;  Mr.  Walker, 
we  beheve,  used  them  very  successfully  at  the  Vauxhall 
Bridge.  We  are  not  aware  that  Mr.  Telford,  in  all  his 
practice,  ever  employed  one ;  his  preference,  in  the  case 
of  foundations  in  deep  water  which  could  not  be  diverted, 
being  decidedly  given  to  the  system  of  enclosing  the  site 
within  a  coflFer-dam.  The  best  account  of  caissons, 
particularly  those  used  by  Mr.  Mylne  at  Blackfriars 
Bridge,  will  probably  be  found  in  the  article  before 
referred  to  in  the  Encyclopaedia  MetropoUtana. 

In  many  tide  rivers,  where  the  depth  at  low  water  is 
not  considerable,  the  foundations  have  been  constructed 
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without  coffer-dams,  the  men  working  only  during 
certain  intervals,  immediately  before  and  after  flood  or 
low  water.  This  plan  of  proceeding  cannot  very  suc- 
cessfully be  adopted,  however,  imless  the  bed  of  the 
river  be  of  rock,  or  other  safe  material  for  placing  the 
foundations  upon.  The  instance  already  given  of  an 
extensive  harbour  wall  being  founded  under  water, 
even  where  it  was  necessary  to  excavate  the  bed  of 
the  river  under  the  site  of  the  wall,  deep  enough  for 
the  foundation  to  rest  upon,  is  an  exception  to  the  usual 
plan  of  coffer-damming,  but  might  with  great  advantage 
be  practised  at  any  time  in  similar  situations,  where 
the  depth  of  water  does  not  exceed  seven  or  eight  feet. 
The  method  of  encaissement  filled  up  with  concrete,  as 
described  in  a  former  paper,  affords  great  facilities  for 
establishing  a  foundation  in  any  depth  of  water  not 
exceeding  ten  feet. 

Probably  the  most  difficult  kind  of  foundation  which 
the  engineer  can  have  to  contend  with  is  to  be  found  in 
the  flats  of  Norfolk,  and  in  the  extensive  fens  of  Lin- 
colnshire and  Cambridgeshire.  Throughout  these  dis- 
tricts the  alluvial  deposit  is  of  great  depth,  and  the  flow 
of  the  rivers  extremely  sluggish  in  their  progress  towards 
the  sea;  circumstances  which  have  induced  the  for- 
mation of  strata  which  are  remarkably  treacherous  and 
unsafe  as  foundations.  The  strata  consist  of  soft  and 
irregular  deposits  of  fine  sand,  gravel,  and  mud,  alter- 
nating with  beds  of  peat  and  bog,  and  occasionally 
mixed  with  portions  of  clay.  Sometimes  these  varieties 
of  soil  occur  in  patches  ;  for  example,  seven  or  eight  feet 
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square  of  gravel,  surrounded  perhaps  by  peat,  or  instead 
of  the  gravel  fine  sand  is  often  found  in  a  siniilar  situa- 
tion, while  perhaps,  close  at  hand,  layers  of  peat  have 
been  formed  in  tolerable  order ;  above  them  sand  may 
occur,  succeeded  by  gravel,  and  afterwards  peat  again. 
At  other  places,  perhaps  also  within  a  short  distance, 
the  soil  will  consist  of  gravel,  peat,  and  sand,  all  mixed 
up  together,  sometimes  to  the  depth  of  thirty  or  forty 
feet  before  a  foundation  of  clay  or  firm  gravd  can  be 
met  with.  Under  these:  circumstances,  if  the  depth  of 
water  be  considerable,  and  the  structure  heavy,  the  en- 
gineer's difficulty  will  be  £u*  fit>m  trifling,  unless  indeed 
he  can  command  an  unlimited;  purse^  in  which  case  it 
would  be  paying  a  poor :  compliment  to  engineering 
science  to  dwell  upon  ihe  difficulty  of  executing  any 
work.  This  word,  in  the  vootbulary  of  an  engineer,  is 
only  with  propriety  applied  to  the  task  of  constructing 
his  works  within  reasonable  limits  of  expense,  and  he 
commits  a  libel  on  the  judgment  and  talents  of  the 
profession  who  talks  of  the  difficulty  experienced  by 
an  engineer  whose  expenditure  has  been  equally  un- 
limited with  his  command  of  capital. 

We  shall  now  attempt  an  outline  of  the  plan  which 
an  engineer  should  follow  in  preparing  his  foundations, 
where  the  ground  is  of  the  nature  we  have  been  de- 
scribing. Suppose  the  bridge  to  be  built  over  a  river 
with  five  feet  depth  of  water  at  the  lowest  summer 
floods,  that  the  breadth  of  the  waterway  is  great,  and 
that  no  possibility  exists  of  laying  dry  the  bed  of  the 
river  by  turning  its  course :    in  such  a  situation  it  is 
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certain  no  method  can  be  so  good  as  that  of  driving  a 
coffer-dam  all  round  the  space  to  be  occupied  by  the 
piers,  as  well  as  the  abutments.  The  depth  of  water 
being  five  feet,  and  of  the  unsound  bottom  say  twenty- 
five  feet,  the  piles  can  in  no  case  be  less  than  forty- 
five  feet  long,  and  driven  into  the  soUd  ground  as  far 
as  they  will  go,  which  may  probably  be  from  eight  to  ten 
feet.  For  such  a  depth  of  water,  a  double  dam  with 
three  rows  of  piles  will  be  necessary.  The  coffers 
between  the  rows  of  piles  should  be  six  or  seven  feet 
apart,  and  filled  with  a  retentive  clay  puddle :  the  next 
operation  is  to  get  out  all  the  water  and  soft  material 
from  within  the  coffer-dam.  To  effect  this,  various 
contrivances  will  present  themselves ;  among  which,  in 
almost  any  case,  a  steam  engine  must  be  in  requisition, 
for  pumping  out  and  clearing  the  space  of  water,  and  for 
keeping  it  dry  during  the  progress  of  the  building.  The 
earth  may  be  drawn  from  within  the  coffer-dam  by 
means  of  windlasses,  to  be  erected  on  a  temporary 
stage  or  platform  placed  across  the  dam ;  and  it  will 
be  found  an  excellent  expedient  to  use  buckets  provided 
with  bottoms  which  will  open  when  they  are  drawn  up 
by  the  windlasses,  and  thus  discharge  their  contents  into 
barges  placed  alongside  the  coffer-dam. 

In  this  way  the  space  to  receive  the  piers  and  abut- 
ments may  be  expeditiously  taken  out,  and  as  soon  as 
the  soft  material  has  been  removed,  should  the  bottom 
be  found  to  consist  of  hard  gravel  or  clay,  nothing  more 
will  be  necessary  than  to  commence  the  building  after 
sinking  into  it  about  two  feet.     It  is  always  good  prac- 
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tice  to  lay  broad  and  large  bedded  stones  on  the  founda^ 
tions,  in  order  to  give  as  much  base,  with  as  few  joints 
as  possible,  for  the  saperstructure  to  rest  upon,  whether 
it  be  intended  to  build  the  piers  with  brick  or  stone  :  it 
is  very  important,  if  practicable,  to  obtain  stones  of  large 
superficies  for  the  first  and  second  courses  of  the 
building.  The  foundations  both  of  piers  and  abutments, 
when  of  such  a  depth  as  we  have  been  describing,  should 
be  carried  up  with  offsets,  so  that  each  course  for  the 
first  four  feet  in  height  firom  the  bottom  should  project 
all  round  at  least  six  inches  beyond  the  course  imme- 
diately above.  The  offsets  may  then  be  discontinued, 
and  the  building  carried  on  according  to  the  particular 
form  of  the  design.  If,  after  excavating  within  the 
cofifer-dam  to  the  depth  above  described,  the  bottom 
should  still  appear  doubtful  and  unsound,  a  nmnber  of 
piles  should  be  driven  all  over  the  space  to  be  occupied 
by  the  building,  and  extending  about  a  foot  beyond  it  in 
every  direction. 

The  piles  may  be  eight  or  nine  inches  square,  or 
round  timber  of  this  diameter,  and  should  be  driven  in 
rows  from  two  to  three  feet  apart,  as  far  as  they  can 
be  forced  into  the  solid  ground,  that  is,  until  each  pile 
will  not  sink  more  than  a  quarter  of  an  inch  with 
twenty  blows  from  a  ram  of  fifteen  hundred  pounds 
weight  or  thereabouts.  Some  practical  men  recommend 
that  the  piles  should  be  driven  first  in  the  centre,  and 
last  at  the  ends  and  sides,  alleging  as  a  reason,  that  by 
adopting  an  opposite  practice  the  ground  becomes  so 
solid  as  to  prevent  the  piles  from  sinking  in  the  centre ; 
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the' writer  however  prefers  the  method  of  driving  the 
outer  piles  first,  and  in  this  way  consoUdating  the 
ground,  with  as  Uttle  delay  and  cost  as  possible.  It 
is  true,  by  driving  from  the  outside,  and  closing  in 
towards  the  centre,  that  the  last  piles  are  prevented 
from  being  forced  in  so  deep,  but  this  only  renders  it 
necessary  to  use  shorter  piles,  and  the  foundation  thus 
becomes  quite  as  soUd  as  if  the  ground  were  forced 
outwards  from  the  centre,  and  long  piles  driven  in  over 
the  whole  space.  With  respect  to  the  description  of 
timber  which  should  be  used  for  these  piles,  provided  it 
be  sound  and  fresh,  the  particular  kind  is  of  little  con- 
sequence. Mr.  Telford  frequently  specified  Scotch  fir ; 
and  the  inferior  kinds  of  timber,  such  as  beech,  elm,  and 
birch,  will  answer  very  well,  as  they  stand  the  driving 
better  than  fir,  which,  if  not  hooped,  is  apt  to  splinter,  or 
the  head  become  besomy  and  brushy,  a  circumstance 
which  adds  to  the  difficulty  of  driving. 

As  soon  as  the  piles  have  all  been  driven,  their  heads 
should  be  cut  off"  quite  level,  and  about  a  foot  in  depth 
being  excavated  between  them,  the  space  up  to  the  level 
of  the  pile  heads  should  be  filled  with  broken  stones, 
grouted  with  good  lime  and  sharp  sand.  At  tliis  stage,  a 
platform  of  oak,  beech,  or  elm  plank,  from  four  to  six 
inches  in  thickness,  should  be  laid  across  the  pile  heads, 
and  secured  to  them  either  with  spikes,  bolts,  or  trenails 
of  hard  wood.  This  first  covering  of  planking  is  usually 
succeeded  by  another  of  equal  tliickness  laid  across,  the 
whole  closely  jointed;  and  on  this  upper  platform  the 
building  with  brick  or  stone  may  safely  be  commenced. 
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The  same  practice  of  laying  the  masonry  with  offsets 
as  before  described  should  be  observed  here ;  and  al- 
though with  piling  and  a  planked  bottom  there  does 
not  exist  the  same  necessity  for  building  the  first  and 
second  courses  with  large  stones,  yet  the  practice  is 
invariably  good,  and  ought  always  to  be  followed  where 
such  stones  can  be  obtained  without  a  great  increase  of 
expense. 

Could  any  plan  have  been  adopted  for  turning  the 
course  of  the  water,  so  as  to  lay  dry  the  bed  of  the 
river,  an  engineer  would  be  able,  in  the  situation  we 
have  been  describing,  to  build  a  bridge  at  much  less 
cost  than  by  the  expensive  means  of  a  coffer-dam  and 
piling.  Where  the  river  could  be  turned,  the  plan  we 
should  propose  to  give  stability  to  the  unsound  bottom 
would  be  to  cover  it  entirely  over  with  cross  sleepers  of 
Memel  logs,  and  on  these  to  lay  a  covering  of  planks, 
closely  jointed,  while  further  security  might  be  obtained 
by  introducing  inverted  arches  above  the  planking,  be- 
tween the  piers,  and  extending  under  each  of  the  abut- 
ments, as  shown  in  fig.  8.  It  will  however  not  be 
Fig.  8. 


- — ■■  tn  introduce  a  platform  of  timber  to  support 
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tions  similar  to  those  we  are  describing ;  and  in  some 
cases  the  platform,  without  the  inverted  arches,  may  be 
sufficient  of  itself  to  carry  the  bridge :  the  determination 
however  of  introducing  or  dispensing  with  these  must 
be  left  to  the  decision  of  the  engineer  when  the  lowest 
bottom  can  be  seen  ;  and  all  we  can  do  at  present  is  to 
point  out  the  practice  where  difficulties  exist. 

It  might  be  objected  with  reason  to  the  above  method, 
that  the  great  weight  of  a  bridge  on  such  a  foundation 
would  cause  it  to  sink  to  some  extent,  and  if  the  bottom 
were  very  soft  the  settlement  would  no  doubt  be  con- 
siderable. From  this,  however,  there  would  be  no 
danger  of  fracture,  as  the  settlement  would  be  gradual 
and  uniform,  and  where  the  inverted  arches  are  intro- 
duced they  would  most  effectually  prevent  the  piers 
and  abutments  being  moved  from  their  position.  In 
support  of  this  mode  of  foundation  we  may  cite  Mr. 
Rennie's  example  in  dealing  with  a  similar  stratification, 
while  building  the  Albion  Mills  close  to  Blackfriars 
Bridge.  To  avoid  the  expense  of  placing  the  foun- 
dations at  a  great  depth,  and  to  prevent  settlement  in 
the  walls,  he  adopted  the  expedient  of  forming  inverted 
arches  over  the  whole  space  on  which  the  building  was 
to  stand.  To  support  the  inverts  where  the  ground  was 
softest,  some  piles  were  driven,  and  courses  of  very 
large  flat  stones  laid  under  the  walls,  while  the  inverted 
arches  joining  into  these  prevented  any  unequal  settle- 
ment. Before  quitting  the  consideration  of  unsafe 
ground,  such  as  we  have  been  describing,  we  must 
not  omit  to  mention  the  use  of  concrete  as  an  excellent 
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substitute  for  piling  in  every  situation  where  this  latter 
would  otherwise  be  necessary  to  secure  a  solid  foun- 
dation. 

The  expense  of  laying  a  foundation  of  concrete  from 
four  to  six  feet  in  depth,  and  extending  about  two  feet 
round  the  space  to  be  occupied  by  the  building,  ought  in 
all  such  cases  to  be  considered,  and  compared  with  the 
expense  of  piling,  which  will  probably  never  be  found 
more  safe  than  a  body  of  concrete,  unless  the  bottom 
be  so  soft  as  to  allow  the  concrete  to  sink  into  it,  and 
thus  entirely  cease  to  support  the  building.  For  its 
durable  and  almost  imperishable  nature,  concrete  cannot 
be  too  much  esteemed,  and  besides  being  quite  as  safe, 
and  perhaps  more  durable  than  piling,  its  cost  will  in 
most  districts  be  found  much  less.  Where  the  piers  are 
to  be  built  either  of  brick  or  stone,  a  great  saving  will 
be  effected  by  the  use  of  concrete  underground,  as  the 
expense  of  this  substance  will  in  no  case  exceed  one- 
third  the  price  of  any  description  of  brick  work,  and  in 
some  cases  it  may  not  cost  more  than  a  sixth.  It 
may  be  thought  by  some  that  the  description  we  have 
given  is  exaggerated  as  to  the  very  unfavourable  nature 
of  the  stratification  in  parts  of  the  Crag  district  of  Nor- 
folk and  the  neighbouring  counties ;  and  in  order  to 
guard  against  this  notion  it  may  be  mentioned,  that  in 
directing  the  works  of  the  North  Walsham  and  Dilham 
Canal  in  Norfolk,  the  writer  had  occasion  to  build  a  lock 
in  a  situation  where,  after  sinking  the  lock  pit  down 
to  the  necessary  depth  for  laying  the  sills  at  the  lower 
gates,  the  bottom  was  so  soft,  that  a  couple  of  men, 
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without  much  labour,  worked  down  an  iron  bar  an  inch 
square  to  a  depth  of  twenty-eight  feet.  The  bottom  was 
then  considered  firm,  but  the  expense  of  excavating  to 
so  great  a  depth  through  such  a  soft  stratification,  sur- 
rounded also  by  a  mill-dam,  was  considered  too  great 
for  the  finances  of  the  Company. 

The  following  description  of  this  work  may  be  in- 
teresting, as  an  example  of  founding  on  a  timber  plat- 
form imder  circumstances  of  some  difficulty. 

The  idea  of  introducing  a  platform  of  timber,  sup- 
ported by  piles  driven  through  the  unsound  strata  to 
the  solid  ground,  was  also  abandoned  on  account  of  the 
expense.  The  bottom  was  composed  of  peat  or  bog 
interspersed  with  sand  holes,  and  some  pits  of  fine 
gravel,  which  admitted  water  in  all  directions  ;  under 
these  circumstances  the  plan  of  foundation  acted  upon 
was  that  of  laying  transverse  sleepers  of  Memel  timber 
across  the  whole  breadth  of  the  lock,  and  under  the  side 
walls  and  counterforts.  The  clear  width  of  the  lock 
being  fourteen  feet,  the  side  walls  four  feet  six  inches, 
and  the  counterforts  four  feet,  it  was  necessary  that 
these  sleepers  should  be  thirty-two  feet  long ;  they  were 
one  foot  wide  and  six  inches  thick,  laid  at  intervals  of 
three  feet  apart,  and  extended  from  under  the  fore  bay 
to  twenty  feet  beyond  the  main  sill  of  the  lower  gates. 
These  sleepers  were  covered  with  three-inch  planks, 
placed  close  together,  forming  a  solid  platform  of  suf- 
ficient size  to  support  the  whole  lock,  chamber,  side 
walls,  and  counterforts,  with  an  extension  twenty-four 
feet  further  than   the  gates,  in   order   to  prevent  the 
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water  from  undermining  the  wing  walls  when  the  sliuces 
were  opened  in  the  lower  gates.  Sheeting  piles  were 
driven  down  at  the  front  side  of  the  mitre  sills,  another 
row  at  the  front  of  the  main  sill,  and  a  third  row  at  the 
extremity  of  the  platform. 

Tliese  piles  were  four-inch  beech  planks,  tongued  and 
grooved,  driven  by  a  ringing  engine,  with  a  monkey 
weighing  eight  hundred  pounds,  and  it  is  remarkable, 
notwithstanding  the  ease  with  which  an  iron  bar  was 
worked  down  to  a  depth  of  twenty-eight  feet,  that  none 
of  the  piles  could  be  forced  down  more  than  fifteen  feet, 
and  many  of  them  were  cut  off  at  nine  or  ten  feet. 
This  difficulty  was  experienced  in  consequence  of  the 
quicksand  adhering  so  firmly  to  the  sides  of  the  piles 
as  to  prevent  them  alike  from  sinking,  and,  when  once 
driven,  frxim  being  raised  by  any  force  that  could  be 
applied ;  so  that  if  the  workmen  at  any  time  after  having 
driven  a  pile  six  or  seven  feet  ceased  their  blows  for 
only  a  few  seconds,  they  were  quite  unable  either  to 
raise  that  pile  out  of  the  ground,  or  to  drive  it  fiirther  in. 

The  uncertainty  as  to  the  nature  of  the  ground  in 
which  piling  is  to  be  used  has  naturally  induced  en- 
gineers to  specify  indefinitely  the  length  of  the  piles, 
because  this  can  only  be  judiciously  determined  during 
the  actual  driving ;  and  hence  it  has  become  a  common 
practice  to  specify  that  the  piles  are  to  be  driven  down 
to  solid  ground,  or  otherwise  it  may  be  specified,  as  in 
the  example  we  have  given,  that  they  are  to  be  driven 
till  fifty  blows  with  a  monkey  of  about  eight  hundred 
pounds  weight  will  drive  them  no  more  than  a  quarter 
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of  an  inch  into  the  ground.  Piling  is  either  paid  for  to 
the  contractor  entirely  as  an  extra  work,  or  he  is  directed 
to  estimate  for  a  specified  amount  of  piling ;  and  then  he 
undertakes  by  his  contract  to  execute  either  an  additional 
or  diminished  quantity,  as  may  be  required  by  the  en- 
gineer. The  Company  in  the  one  case  allow  the  value 
of  the  additional  quantity,  and  in  the  other  case  deduct 
from  the  amount  of  his  contract  the  value  of  the  di- 
minished quantity,  if  any.  Mr.  Telford  in  his  practice 
as  an  engineer  was  exceedingly  cautious,  and  never 
allowed  any  but  his  most  experienced  and  confidential 
assistants  to  have  any  thing  to  do  with  exploring  the 
foundations  of  any  buildings  he  was  about  to  erect. 
This  scrutiny  into  the  quahfications  of  those  employed 
about  the  foundations  extended  to  the  subordinate  over- 
seers, and  even  to  the  workmen,  insomuch  that  men 
whose  general  habits  had  before  passed  unnoticed,  and 
whose  characters  had  never  been  inquired  into,  did  not 
escape  Mr.  Telford's  observations  when  set  to  work  in 
operations  connected  with  the  foundations.  He  was 
accustomed  to  examine  men  so  employed  whom  he 
thought  unsteady,  and,  if  necessary,  would  reprimand 
the  overseers  for  employing  such  men  about  the  founda- 
tions  in  any  capacity.  It  is  evident  from  these  pre- 
cautions that  Mr.  Telford  was  well  convinced  how 
dangerous  it  was  even  to  receive  a  report  of  the  strata 
from  men  of  careless  habits  or  inefficient  knowledge,  and 
that  he  also  knew  the  consequences  which  might  follow 
from  careless  pile-driving,  and,  in  short,  from  the  absence 
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of  proper  care  in  all  the  operations  connected  with  the 
commencement  of  an  important  structure. 

When  the  site  of  the  foundations,  on  being  explored, 
was  found  unsafe,  and  the  expwnse  of  driving  piles  throng^ 
a  ven"  deep  bed  of  loose  material  would  be  considerable, 
Mr.  Telford  frequently  laid  an  inverted  arch  between  the 
piers  and  abutments,  as  already  recommended  and  shown 
in  fig.  8.  At  other  places,  where  the  ground  was  more 
solid,  but  still  doubtful,  a  pavement  of  broad  stones 
was  placed  over  the  whole  bottom,  extending  also  under 
the  abutments  and  wing  walls.  These  also  were  tied 
across  the  whole  bottom  by  a  row  of  the  same  description 
of  broad-bedded  stones  placed  on  edge,  and  this  kind  of 
pitching  was  often  continued  to  the  extent  of  the  wing 
walls,  and  then  tied  across  by  a  row  of  the  same  stones, 
scabble-dressed,  rough-squared,  jointed,  and  set  on  edge; 
this  plan  is  described  in  figs.  9  and  10 :  that  half  marked 
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AB  in  the  plan  and  elevation  is  in  reference  to  the 
practice  we  are  now  describing.  Sometimes  these  stones 
could  be  procured  in  lengths  of  six  or  seven  feet,  from 
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three  to  five  feet  broad,  and  from  six  to  nine  inches  in 
thickness ;  and  when  stones  of  these  dimensions  could 
be  procured  Mr.  Telford  invariably  adopted  them,  as  a 
covering,  in  preference  to  timber.  In  many  places, 
where  large  stones  could  not  so  readily  be  obtained,  he 
directed  a  pitched  bottom  to  be  formed  with  stones  of 
about  two  feet  superficial  area,  and  not  less  than  a  foot 
deep.  These  were  pitched  endways,  were  close  jointed 
throughout  their  whole  depth,  and  always  set  with  con- 
siderable care,  the  practice  being  never  to  permit  them  to 
be  set  on  sand,  or  any  material  that  could  afterwards  be 
carried  away  by  the  water.     This  pitching  was  usually 
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secured  at  the  end  of  the  abutments  and  wing  walls  by  a 
longitudinal  sleeper  placed  along  the  outside,  with  sheet- 
ing piles  driven  down  in  front  to  a  depth  of  from  six  to 
ten  feet,  according  to  the  nature  of  the  bottom  he  was 
founding  upon  ; — that  part  of  figs.  9  and  10  marked  CD 
shows  this  method.  Amongst  the  variety  of  expedients 
adopted  by  Mr.  Telford  in  his  foundations  of  the  Highland 
road-bridges,  the  one  eventually  decided  on  was  usually 
undetermined  until  he  became  acquainted  with  the  precise 
nature  of  the  stratification  ;  and  even  where  he  specified 
particular  depths  and  forms  of  foundation,  he  always 
resen-ed  the  power  of  altering  these  in  any  way  which 
after  circumstances  might  lead  him  to  decide  upon.  In 
his  general  specifications  for  Highland  roads  and  bridges 
he  directs,  **  Where  there  is  no  rock  the  foundation  is  to 
be  sunk  two  feet  below  the  bed  of  the  river,  and  if  the 
ground  is  soft,  or  the  gravel  loose,  there  must  be  a 
platform  of  timber  laid  under  the  masonr}%  to  consist  of 
two  thicknesses  of  three-inch  planks  laid  across  each 
other,  and  if  necessary  have  a  row  of  pile-planking 
driven  all  round  the  outside."  The  practice  here  de- 
scribed was  constantly  followed,  the  rows  of  sheeting 
piles  being  always  adopted  if  there  was  a  current  in  the 
stream  where  the  bridire  was  built ;  and  if  in  consequence 
the  slightest  danger  was  apprehended  of  the  bottom 
being  wasted  or  carried  away.  Whatever  might  be  the 
nature  of  the  artificial  bottom,  this  piling  was  never 
neglected  where  circumstances  seemed  to  require  it ;  and, 
as  these  will  rarely  be  found  precisely  aUke  in  any  two 
situations,  the  expediency  of  piling  must  be  regulated 


according  to  the  necessity  of  each  particular  case.  In 
his  general  specification  Mr.  Telford  goes  on  to  say,  "  If 
the  ground  is  hard,  instead  of  a  platform  under  the 
foundations  there  must  be  an  inverted  arch  or  pavement 
laid  across,  and  wedged  between  the  abutments,  as  wide 
as  the  bridge,  well  secured  above  and  below  by  rows  of 
stones  sunk  deep  in  the  bed  of  the  river.'*  (This 
method  of  securing  the  inverted  arches  or  pitching  is 
shown  in  figs.  9  and  10.) 

Such  were  his  general  directions  with  regard  to  foun- 
dations, the  power  of  making  alterations  according  to 
circumstances  being  reserved  as  before  described.  Con- 
nected with  the  subject  of  the  Highland  roads  and 
bridges,  Mr.  Telford  hsis  left  a  most  valuable  scale  of 
proportions,  which  he  adopted  in  those  works,  and  which 
will  be  found  to  combine  elegance  and  beauty  of  design 
with  strength  and  safety  of  construction.  The  propor- 
tions are  given  for  all  arches  from  four  to  fifty  feet  span, 
and  as  it  will  prove  a  most  valuable  guide  to  engineers, 
road  surveyors,  county  surveyors,  and  all  others  who  are 
concerned  either  in  the  repair  or  construction  of  bridges, 
we  make  no  apology  for  inserting  the  Table  in  this  place. 
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It  <Hisht  to  be  observed  that  this  Table  furmshes  a 
^x'stoiu  of  proportions  which  are  perfectly  safe,  without 
vw(uiring  an  extravagant  expenditure.  Probably  Mr. 
IVIfimU  in  framing  his  rules  for  the  strength  of  bridges, 
«K^MTOs  more  credit  than  any  engineer  who  preceded 
luin,  iHTause  he  always  acted  on  the  principle  of  con- 
5itructing  substantial  works  with  a  due  regard  to  cost. 
It  will  be  found,  after  an  attentive  examination  of  all 
the  works  executed  by  this  great  man,  that  the  two 
material  elements  of  necessity  and  expense  were  ever 
nu)st  judiciously  balanced  one  against  the  other.  Whilst 
on  the  one  hand  we  see  no  extravagant  outlay  incom- 
mensurate with  the  necessity  of  the  case,  on  the  other 
hand  we  can  point  out  no  necessity  unprovided  for. 

No.  3. 

In  considering  foundations  of  sand  it  is  necessary  to 
observe  that  great  differences  will  be  found  between  the 
various  stratifications  comprised  under  the  name  of 
**  sandy."  The  sand  which  forms  the  prevailing  in- 
gredient of  such  soils  may  be  either  rounded  or  angular, 
the  latter  forming  what  is  technically  called  a  sharp 
sand.  Again,  the  particles  of  sand  are  sometimes  ex- 
ceedingly minute,  as  in  very  fine  sands ;  or  very  large, 
as  when  the  sand  approaches  the  nature  of  gravel. 
Sandy  soils  are  also  distinguished  from  each  other  by 
the  proportion  they  contain  of  clay  or  other  earthy 
matter,  which,  in  combination  with  the  sand,  is  termed 
silt.  Fine  sharp  sand  is  usually  found  in  currents 
sufficiently   rapid   to   carry   away   the  foreign   particles 
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commoaly  deposited  with  the  sand  in  still  waters.  The 
beds  of  streams  with  currents  still  more  rapid  may 
consist  of  gravel,  and  the  sand  found  with  this  will  be 
of  a  sharp  angular  nature.  In  proportion  as  the  current 
is  strong,  so  will  increase  the  coarseness  of  the  gravel, 
and  so  will  diminish  the  quantity  of  sand  mixed  with  it ; 
but  in  the  beds  of  such  streams  the  sand  will  always  be 
sharp,  and  very  far  removed  from  the  nature  of  silt. 
Much  has  been  said  and  written  on  the  subject  of  quick- 
sands, and  it  is  usually  considered  that  great  danger 
attends  the  experiment  of  founding  upon  them.  A 
quicksand  is  formed  simply  by  the  action  of  water  on  a 
bed  of  this  material,  whether  of  a  silty  or  pure  sandy 
nature;  and  the  great  danger  of  its  giving  way  when 
any  weight  is  placed  upon  a  quicksand  arises  from  its 
tendency  to  escape  with  the  water,  and  pass  from  under 
the  pressure.  But  as  this  kind  of  soil  is,  when  in  a 
state  of  rest,  remarkably  solid,  all  the  interstices  being 
filled  by  more  minute  particles  of  sand,  it  affords  a  very 
excellent  foundation  when  it  is  confined  in  such  a  situa- 
tion that  it  cannot  possibly  escape.  Thus  a  quicksand 
surrounded  by  a  strong  and  close  encaissement  of  piUng 
would  be  perfectly  safe  as  a  foundation.  Probably  the 
most  compact  and  solid  description  of  sand  is  that  called 
silt,  because  even  the  smallest  vacuities  are  occupied ; 
but  at  the  same  time  it  is  found,  by  reason  of  its  small 
specific  gravity,  to  be  the  most  easily  disturbed  and  set 
in  motion  by  water,  and  therefore  the  most  difficult  to 
deal  with.  Specimens  of  such  quicksands  are  met  with 
in  the  beds  of  most  rivers  where  the  current  is  of  mo- 


derate  velocity,  as  in  some  of  the  reaches  in  the  Thames, 
the  Crouch,  the  Blackwater,  and  other  rivers  on  the 
eastern  coast. 

Sands  of  a  sharper  kind  also  are  not  unfirequently 
found  in  the  form  of  quicksands,  but  when  undisturbed 
by  the  motion  of  water  are  sufficiently  solid  to  bear  the 
weight  of  any  structure.  Experiments  on  the  peculiar 
nature  of  quicksands  may  be  made  on  any  fine  sandy 
beach,  or  on  any  tract  of  fine  sand  which  is  dry  at  low 
water.  It  will  be  found  that  almost  as  soon  as  the  water 
sinks  below  its  surface,  carriages  may  be  drawn  over  in 
safety  almost  without  leaving  an  impression.  But  let 
any  weight,  having  irregular  surfaces,  be  placed  on  this 
kind  of  sand,  and  the  projecting  parts  will  sink  into  it ; 
then  cause  this  weight  to  be  slightly  moved  by  hand,  or 
in  any  other  manner,  the  sand  will  immediately  give  way, 
and,  if  mixed  with  water,  be  set  in  motion,  and  a  real 
quicksand  will  be  thus  produced.  It  is  not  often  found 
that  clean  dry  sand,  however  coarse  it  may  be  in  quality, 
will  sink  with  the  weight  of  a  building ;  it  may,  however, 
be  forced  laterally  out  of  its  position,  when  the  pressure 
is  very  considerable,  and  thus  cause  a  sinking  of  the 
structure :  therefore,  when  any  danger  of  such  a  result 
is  apprehended,  the  first  part  of  the  founaation  should 
consist  of  a  timber  platform  resting  upon  the  sand. 

The  platform  may  be  laid  with  sleepers  ten  inches  wide 
and  six  inches  thick,  placed  at  the  distance  of  three  feet 
apart  from  centre  to  centre  ;  these  must  be  closely  covered 
with  four-inch  thick  planks,  close  jointed  and  secured 
to  the  sleepers  with  trenails.     This  platform  must  be  of 
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sufficient  superficial  area  to  extend  two  or  even  three 
feet  on  each  side  beyond  the  base  of  the  structure  raised 
upon  it.  The  exact  superficial  area,  however,  of  the 
extension  must  be  regulated  by  the  height  and  soUdity 
of  the  building,  and  the  possibiUty  of  lateral  space  ex- 
isting into  which  the  sand  foundation  might  be  forced ; 
but  in  any  case  where  a  building  has  to  be  erected 
on  a  dry  sand  foundation,  it  may  be  made  perfectly 
safe  and  unyielding  to  any  weight  that  can  be  placed 
upon  it  by  adopting  the  platform  covering,  as  described, 
and  of  sufficient  superficial  area,  the  dimensions  of  which 
area  must  be  determined  according  to  the  circumstances 
above  stated. 

In  England,  where  the  sand,  whether  coarse  or  fine,  is 
usually  composed  of  hard  silicious  particles,  very  little 
danger  of  settlement  need  be  feared ;  but  where,  as  in 
the  bed  of  the  Seine,  the  sand  or  small  gravel  consists 
chiefly  of  rounded  pieces  of  chalk  without  much  admix- 
ture with  any  binding  material,  it  is  extremely  probable 
that  settlements  would  occur,  as  the  eflfect  of  great 
pressure  would  be  to  crush  and  break  the  softer  parti- 
cles, and  thus  cause  the  under  stratum  to  occupy  less 
space  than  before  the  interstices  were  filled. 

It  may  be  concluded  that  almost  every  description  of 
sand  might  be  safely  built  upon  if  it  could  be  protected 
firom  the  action  of  water,  which,  when  set  in  motion,  is 
quite  capable  of  carrying  away  such  material,  and  of 
pressing  it  firom  under  any  superstructure  which  may 
rest  upon  it.  In  the  peculiar  case  of  bridge  foundations, 
however,  it  is  very  seldom  that  a  sand  stratum  so  safely 
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circumstanced  can  be  met  with,  because,  being  usually  in 
the  neighbourhood  of  large  bodies  of  water,  and  the  sand 
being  of  a  porous  nature,  water  will  always  be  found 
filtering  through,  so  as  to  render  it  an  unsafe  bed  to 
build  upon.  Hence  it  is  scarcely  possible  to  find  a 
bridge  foundation  established  upon  a  sand  bottom  with- 
out the  accompaniment  of  a  platform,  generally  laid  on 
piles.  Notwithstanding  all  this,  there  are  situations  in 
which  the  practice  of  dispensing  with  timber  on  a  sand 
bottom  would  be  perfectly  safe.  For  instance,  where  there 
is  very  little  current  in  the  river  and  the  sand  bottom  has 
a  covering  of  from  two  to  three  feet  of  clay  or  heavy 
gravel,  which  is  never  liable  to  be  disturbed  by  floods 
or  other  causes,  a  building  might  safely  rest  on  a  close 
sand  bottom.  In  other  cases,  an  artificial  covering  may 
be  placed  over  the  sand,  and  thus  prevent  its  disturb- 
ance. Such  a  covering  also  will  often  be  found  neces- 
sary after  the  erection  of  a  bridge,  in  order  to  prevent  a 
sandy  or  silty  bottom  from  being  carried  away  by  the 
current ;  although  before  the  erection  of  the  bridge  the 
current  might  not  have  had  sufficient  power  to  set  the 
sand  in  motion.  An  instance  of  this  kind  occurred  in 
the  case  of  the  Lary  Bridge,  at  Plymouth,  where  the 
current  being  increased  in  velocity  by  the  contraction  of 
the  waterway  was  found  to  act  on  the  bottom  in  such  a 
manner  as  to  endanger  the  foundations  ;  and  in  order  to 
prevent  serious  consequences,  Mr.  Rennie  adopted  a 
covering  of  clay  in  the  bottom,  overlaid  with  stones 
varying  in  weight  from  two  hundred  pounds  downwards, 
the  whole  thickness  not  exceeding  two  feet.     This  cover- 
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iDg,  which  extended  a  distance  of  sixty  or  seventy  feet 
above  and  below  the  bridge,  became  very  solid,  and 
effectually  prevented  the  further  wasting  of  the  bottom. 

"When,  instead  of  building  a  bridge  in  the  existing 
channel  of  the  river,  it  is  considered  eUgible  to  build  on 
the  dry  land  and  direct  its  course  through  a  new  channel, 


as  shown  in  the  accompanying  figure,  it  would  be  advise- 
able  to  proceed  somewhat  in  the  following  manner." 

The  first  operation  to  be  performed  is  that  of  exca- 
vating the  new  river-course  marked  in  the  figure  GEFH, 
leaving,  however,  a  solid  portion  at  each  end  of  sufficient 
strength  to  prevent  the  water  breaking  through,  and  to 
admit  a  temporary  road  for  the  traffic  during  the  time  of 
excavating  the  new  river-bed  and  abutment  foundations, 
as  represented  in  the  figure  by  the  letters  GADH  at  the 
upper  end,  and  the  letters  BEFC  at  the  lower  end,  of 
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the  stream.  The  earth  taken  out  of  the  new  channel 
may  be  laid  in  the  seat  of  the  new  approach,  or,  if  more 
convenient,  on  the  small  insular  piece  of  land  between 
the  old  and  new  channels  marked  HMF,  from  which 
place  it  may  be  removed  into  the  old  river-channel  when 
the  water  is  turned  the  other  way,  or  it  may  be  employed 
in  completing  the  new  approach. 

The  engineer  will  decide  upon  the  disposal  of  the 
excavated  material  according  to  the  facilities  of  obtain- 
ing earth  within  a  reasonable  distance  for  making  up  the 
approach,  in  case  that  which  is  taken  from  the  new 
channel  should  be  used  for  filling  up  the  old  river-bed. 
As  soon  as  the  bridge  has  been  built  on  the  new  cut  in 
the  situation  marked  O,  the  stank,  or  portion  left  at  the 
lower  end  of  the  new  cut,  must  be  taken  out,  and  after- 
wards the  portion  of  earth  marked  GADH  at  the  upper 
end  must  also  be  removed,  and  run  by  barrows  into  the 
old  river-channel  in  the  direction  NH,  in  order  to  turn 
the  water  into  the  new  course.  Should  the  situation 
where  this  work  is  required  be  in  retentive  ground,  which 
will  not  admit  of  water  passing  through  it,  the  operation 
of  turning  the  river  may  be  very  simple  and  attended  with 
little  difficulty.  If,  however,  the  stratification  is  of  an 
open  porous  nature,  as  soon  as  the  excavation  is  carried 
down  as  low  as  the  water  in  the  old  channel,  springs  will 
be  found  to  rise  in  the  new  excavation,  and  unless  it  can 
be  drained  by  bringing  up  a  level  from  the  lower  end  of 
the  cut  at  F,  no  better  method  remains  of  getting  out 
the  bottom  than  that  of  dredging  with  bag  and  spoon,  or 
with  a  steam  dredging  engine. 
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It  is  necessary  to  observe,  with  reference  to  the  expe- 
dient of  turning  a  river  in  order  to  build  on  dry  land, 
that  the  whole  operation  will  be  found  very  troublesome 
and  expensive  when  the  soil  is  porous  and  incapable  of 
retaining  water.  In  addition  to  the  cost  of  getting  out 
the  new  excavations  under  water,  it  is  by  no  means 
unlikely  that  the  same  expensive  foundation  of  pihng 
and  timber  platform  will  be  as  indispensable  now  as  if 
the  bridge  had  to  be  built  over  the  old  channel ;  and  the 
newly  opened  ground  may,  by  the  action  of  the  water, 
be  rendered  so  porous  as  to  permit  water  to  enter  the 
openings  for  the  piers  and  abutments  to  an  extent 
requiring,  before  the  building  can  be  properly  carried 
on,  the  construction  of  coffer-dams  almost  as  expensive 
and  formidable  as  if  they  had  been  made  at  first  in  the 
middle  of  the  river.  Hence  it  is  necessary  to  use 
considerable  caution  in  deciding  upon  opening  new 
ground  to  build  the  bridge  upon.  Pits  ought,  if  pos- 
sible, to  be  sunk ;  indeed,  they  are  absolutely  necessary 
in  all  cases  of  large  bridges ;  they  alone  will  afford  the 
engineer  the  proper  means  of  comparing  the  difierent 
soils  he  has  to  contend  with,  both  in  the  new  and  the  old 
channels,  and  his  judgment  should  of  course  be  formed 
only  after  a  due  consideration  of  these  and  other  parti- 
culars which  he  will  acquire  in  the  course  of  his  investi- 
gations. Borings  are  not  to  be  depended  upon,  and 
where  the  stratification  is  at  all  doubtful  they  ought 
never  to  be  attempted.  Trial-pits  should  be  sunk  as 
deep  as  to  satisfy  every  inquiry. 


46  FOUNDATIONS 

In  pursuance  of  the  intention  formerly  expressed,  we 
proceed  to  give  some  details  for  the  construction  of  a 
cofFer-dam.  By  way  of  example,  suppose  it  has  been 
detennined  to  place  a  bridge  pier  in  a  tide  river,  where 
there  is  ten  feet  depth  of  water  at  the  lowest  spring  tides. 
The  bottom  has  been  found  to  consist  of  twelve  feet 
loose  gravel  and  sand,  with  clay  underneath.  In  this 
situation  suppose  the  depth  at  high  water  to  be  not  less 
than  twenty-eight  feet,  making  the  whole  depth,  from 
surface  of  high  water  through  the  loose  bottom  down  to 
the  clay,  forty  feet.  It  will  be  necessary,  in  order  to 
form  the  cofFer-dam  under  these  circumstances,  to  drive 
four  rows  of  piles  all  round  the  space  to  be  built  upon. 
The  clay  puddle  will  then  occupy  three  distinct  spaces, 
called  puddle  walls,  between  the  four  rows  of  piles.  The 
lengths  of  the  piles  may  be  as  follows : — outer  row  to  be 
driven  down  to  within  a  foot  of  low  water  mark,  and  five 
feet  into  the  clay,  making  their  length  twenty-eight  feet ; 
the  two  middle  rows  to  be  also  driven  five  feet  into  the 
bottom,  and  to  stand  three  feet  above  high  water  mark, 
making  their  length  forty-eight  feet;  the  inner  row  of 
piles  to  be  driven  to  about  eleven  feet  above  low  water 
mark,  and  five  feet  into  the  clay,  so  that  their  length 
will  be  thirty-eight  feet.  The  plan  and  section  of  this 
dam,  fig.  12,  will  show  the  form  of  construction,  and 
the  following  short  outline  of  a  specification  will  render 
the  whole  intelligible.  The  clear  breadth  between  each 
two  rows  of  piles  to  be  six  feet ;  the  outer  row  of  dam 
piles  to  be  half  logs   of  twelve   inches   by  six   inches 
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transverse  sbctiolf,  from  a  to  i 
Fig.  12. 


scantling;  the  middle  rows  of  piles  to  be  twelve-inch 
square  logs  ;  and  the  inner  row  of  piles  to  be  twelve  by 
eight  inches  scantling.  The  whole  of  the  timber  for  the 
piles  to  be  straight  grown,  and  to  consist  of  the  best 
Memel  logs.  A  double  row  of  waling-pieces  to  be  placed 
all  round  the  top  of  the  inner  piles,  as  shown  in  fig.  12, 
and  to  be  connected  by  wrought  iron  bolts  an  inch 
and  a  quarter  square.  The  bolts  must  have  good 
heads,  one  inch  thick  and  three  inches  square,  and  the 
other  end  must  have  a  fine  screw-thread  cut  upon  it, 
with  a  three-inch  square  nut,  one  inch  thick,  made  to 
screw  on  at  the  end  of  each  bolt.  Also  between  the 
timber  and  each  of  the  nuts  there  must  be  a  plate  or 
disk  of  iron,  called  a  washer,  to  prevent  the  nuts  from 
pressing  into  the  timber  when  tightly  screwed  up,  and 
also  to  prevent  the  friction  between  the  timber  and  the 
nut,  which  would  be  very  considerable  if  the  latter  were 
screwed  in  contact  with  the  wood.  In  the  same  manner 
several  other  double  hues  of  waUng  must  be  fixed  round 
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FLAX    or   COPFBB-DAM. 
FlO.    13. 


the  whole  coffer-dam,  precisely  as  shown  in  the  trans- 
verse section,  fig.  12.  The  whole  of  the  waling  to  be 
of  the  same  quality  as  the  timber  for  the  piles,  and  to  be 
of  scantUng  equal  to  one  foot  by  six  inches. 

Connecting  bolts  must  be  introduced  at  intervals  of 
four  feet  from  bolt  to  bolt  all  round  the  dam,  as  shown 
in  the  figures. 

In  the  situation  we  have  supposed  for  tlie  construction 
of  this  dam,  where  a  stratum  twelve  feet  in  depth  of 
sand  or  gravel  rests  upon  the  clay,  it  will  be  necessarj'  to 
excavate  the  whole  of  the  former,  which,  on  account  of 
its  porous  nature,  would  otherwise  permit  the  water  to 
penetrate  through  it  into  the  dam.  This  will  occur 
however  perfect  and  water-tight  the  clay  fiUing  placed 
above  the  porous  stratum  may  be,  because  the  water  will 
•'"Her  the  water-tight  material,  and  fill  the  interior 


up  to  the  level  of  the  water  outside.  Hence  the  neces- 
sity not  only  for  driving  the  piles  through  such  a  stratum 
as  this,  but  even  of  entirely  removing  it,  in  order  that 
the  artificial  fiUing-in  between  the  piles  may  commence 
by  a  perfect  junction  with  the  clay  beneath,  and  be 
carried  up  tight  to  the  necessary  height.  The  whole 
of  the  porous  material  therefore  must  be  removed  from 
the  space  to  be  occupied  by  the  dam;  and  it  will  be 
found  most  convenient  to  effect  this  before  driving  the 
piles,  because  there  will  then  be  no  obstruction  to  the 
working  of  a  dredging  engine.  With  respect  to  the  fiUing- 
in  between  the  piles,  it  is  very  important  to  distinguish 
with  accuracy  the  material  which  is  proper  for  this  pur- 
pose from  other  kinds  of  earth,  which,  although  known 
by  the  same  general  name,  clay,  would  yet  be  found 
quite  inefiicient  for  the  puddle  of  a  coffer-dam.  In  spe- 
cifications for  these  works,  the  usual  expression  is  that 
good  retentive  clay  must  be  filled  in  between  the  rows  of 
piles,  and  on  the  judicious  performance  of  this  very 
indefinite  injunction  depends  the  tightness  of  the  dam. 
Considering  only  the  two  extremes  of  very  hard  and  very 
soft  plastic  clay,  it  will  be  found  that  the  former  of  these, 
when  broken  up  and  thrown  in  between  the  piles,  will 
seldom  or  never  form  a  perfect  dam.  On  the  contrary, 
vacuities  will  remain  between  the  broken  pieces,  and  it 
will  be  found  exceedingly  difficult  to  beat  down  clay 
of  this  kind  into  a  body  sufficiently  firm,  compact, 
and  soUd  to  resist  the  efforts  of  the  water  to  pene- 
trate through  it.  If,  again,  clay  of  a  very  soft  plastic 
nature  be  introduced,  it  will  partially  dissolve  and  com- 
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bine  with  the  water  when  thrown  into  it,  so  that  the 
space  between  the  piles  will  be  filled  with  a  kind  of  mud 
puddle  almost  in  a  fluid  state,  of  no  greater  consistency 
and  no  greater  capability  of  keeping  out  water  than 
mud  itself.  It  is  evident  therefore  that  either  kind  of 
clay  by  itself  would  not  answer  the  purpose  intended 
of  forming  a  solid  water-tight  puddle.  All  the  clays, 
when  used  in  a  coffer-dam,  require  a  mixture  of  gravel 
and  sand,  or  a  portion  of  pounded  chalk  will  be  found 
an  excellent  material  to  give  solidity  to  the  soft  por- 
tion of  the  clay,  and  to  fill  the  vacuities  and  interstices 
which  may  be  expected  to  exist  where  tbe  clay  is  of  a 
hard  and  lumpy  description.  However  general  may  be 
the  opinion,  it  is  certain  that  one  more  erroneous  was 
never  entertained  than  that  clay  alone  is  a  proper  mate- 
rial to  make  a  good  puddle-dam.  Clay  by  itself  is 
subject  to  great  changes,  according  to  the  alternations 
of  heat  and  cold,  drought  and  moisture.  In  very  dry 
weather,  Etnd  when  exposed  for  a  time  to  the  infiuence 
of  the  sun,  all  moisture  will  be  extracted;  and  the  day 
will  invariably  crack  and  separate  into  a  nnmber  of 
irregular  fragments,  which  will  never  afterwarcfa  unite  so 
as  to  form  an  adhesive  water-tight  substance.  The  dif- 
ficulty of  compressing  clay,  when  placed  in  a  dam  of  any 
considerable  depth,  into  a  solid  mass  without  hollova  has 
been  already  noticed.  If  in  addition  to  this  objectioii  we 
consider  the  immense  weight  and  pressure  of  clay  so 
compressed  against  the  piles  forming  the  sides  of  the 
dam,  and  the  consequent  strain  on  the  piles,  whicJi 
ought  only  to  be  employed  in  resisting  the  pressoie 
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of  the  water  from  without,  we  shall  see  sufficient  reason 
to  decide,  on  these  as  well  as  on  other  grounds,  against 
the  practice  of  puddling  entirely  with  clay.  From  the 
very  best  information  which  can  be  brought  to  bear  on 
this  subject,  namely,  that  derived  from  long  and  watch- 
ful experience,  accompanied  by  the  knowledge  that  he 
has  himself,  as  a  contractor,  lost  large  sums  of  money 
cm  account  of  too  great  a  faith  in  clay  puddles,  the 
writer  is  enabled  to  speak  very  positively  on  the  nature 
of  this  material,  and  in  addition  to  the  objections  already 
advanced  begs  to  add  his  own  personal  observations  of 
the  fact  that  puddles  composed  entirely  of  clay  have 
usually  bulged,  given  way,  and  been  found  incapable  of 
keeping  out  the  water  when  of  considerable  depth,  and 
that  in  any  case  a  puddle  with  an  admixture  of  gravel, 
chalk,  and  sand  will  make  a  safer  water-tight  dam  than 
clay  alone.  In  order  to  secure  a  proper  construction  of 
coffer-dam,  we  recommend  that  all  specifications  should 
very  fully  particularize  the  manner  of  filling  the  coflTer 
spaces;  thus,  the  kind  of  clay  to  be  used, — the  quantities 
in  which  it  is  to  be  thrown  into  the  dam, — the  size  of  the 
pieces  into  which,  if  hard  clay,  it  must  be  chopped, — 
and  the  mixture  which  is  to  be  added,  whether  of  sand, 
gravel,  loam,  mould,  or  chalk, — should  all  form  particular 
instructions  in  the  specification.  It  is  certain  that  in 
great  depths  of  water  the  practice  ought  never  to  be 
dispensed  with  of  mixing  some  foreign  material  with 
the  clay,  otherwise  it  will  not  set  or  become  hard  under 
water.  We  have  mentioned  sand,  gravel,  and  chalk, 
as  proper  materials  for  this  purpose,  but  it  is  im^^-- 
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>tt>»!c  to  assign  any  proportions  to  be  adopted  in  the 
uuvm^,  because  these  can  only  be  determined  as  a  matter 
ol' judjni^ent  on  seeing  the  kind  of  clay  to  be  used,  know- 
ing its  tenacity  and  capability  of  resisting  pressm^,  and 
also  whether  in  the  state  it  is  dug  it  contains  already  any 
mixture  of  gravel  or  other  foreign  ingredient.  Probably 
three  parts  of  pure  clay,  two  of  chalk,  and  one  of  fine 
gravel,  would  make  an  excellent  compound  for  filling  the 
dam.  These  materials,  however,  should  be  well  mixed 
together,  the  chalk  and  clay  chopped  small,  and  no  stone 
larger  than  a  hen's  egg  allowed  to  pass  amongst  the 
gravel. 

It  is  usual  in  large  dams  to  cover  the  top  of  the 
puddle  with  bricks,  but  a  foot  in  depth  of  good  strong 
gravel,  grouted  with  lime,  is  much  cheaper,  and  answers 
equally  well  with  the  covering  of  bricks. 

All  the  piles  used  for  the  dam  must  be  shod  with  good 
sound  wrought  iron  shoes,  weighing  not  less  than  10  lbs. 
each,  and  hooped  also  with  iron  of  the  same  kind  by 
rings  three  inches  broad  and  three  quarters  of  an  inch 
thick,  to  prevent  the  timber  from  sphntering  or  other- 
wise giving  way  under  the  driving. 

Having  dwelt  thus  at  large  on  the  form  of  con- 
struction, and  described  in  detail  the  component  parts 
necessary  for  a  first-rate  coffer-dam,  it  might  be  thought 
by  some  that  the  following  brief  remarks  on  the  means 
of  carrying  into  effect  the  actual  working  operations  of 

forming  a  coffer-dam  are  too  exclusively  within  the  con- 

• 

tractor's  province  to  be  of  any  use  to  the  engineer.  But, 
on  the  other  hand,  considering  how  great  is  the  difficulty 
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of  drawing  a  line  to  separate  the  duty  and  responsibility 
of  the  engineer  who  directs  from  that  of  the  contractor 
who  executes,  and,  further,  admitting  that  the  super- 
intendent of  a  work  cannot  be  too  intimately  acquainted 
with  the  details  of  execution  even  independently  of  the 
materials  to  be  dealt  with,  some  such  information,  with 
reference  to  coffer-dams,  can  hardly  be  thought  un- 
interesting to  the  engineer. 

The  variation  of  circumstances  under  which  coffer- 
dams are  constructed  will  occasion  differences  in  the 
facilities,  and  generally  in  the  entire  mode,  of  execution, 
because  the  same  means  which  in  one  case  may  be 
successfully  adopted  for  driving  the  piles  will  be  quite 
inapplicable  in  other  situations  where  the  difficulties  are 
perhaps  much  greater.  For  example,  in  many  rivers 
and  canals  it  might  be  possible,  without  obstructing  the 
navigation,  to  erect  a  temporary  fixed  stage,  on  which 
the  pile  engine  could  stand,  and  proceed  without  inter- 
ruption in  the  work  of  driving  the  piles.  But  in  a  tide 
river  it  will  scarcely  be  possible  to  drive  from  a  fixed 
stage,  and  it  is  therefore  necessary  to  employ  barges  or 
other  floating  vessels  on  which  the  pile  engines  must  be 
erected.  The  barges  used  for  this  purpose  are  generally 
of  forty  or  fifty  tons  burden,  and  by  proper  management 
of  these  the  pile  engines  may  be  made  to  work  at  all 
times  of  tide. 

The  first  operation  in  constructing  a  coffer-dam  should 
be  that  of  driving  the  guide  piles,  which  are  so  called, 
because,  being  the  first  which  are  driven  in .  each  row, 
they  serve  as  a  guage  and  a  guide  both  in  position  and 
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scantling  for  the  rest  of  the  piles.  These  guide  or  guage 
piles  are  usually  placed  about  ten  feet  apart,  and  as 
they  are  driven  down  without  any  marks  to  indicate 
their  proper  position,  except  the  known  direction  of  the 
sides  and  ends  of  the  dam,  and  of  course  are  driven 
before  any  waling  can  be  fixed  to  preserve  them  in  a 
perpendicular  direction,  the  business  of  driving  them 
is  one  of  more  difficulty  and  comphcation  than  that  of 
inserting  the  intermediate  pUes. 

In  order  to  drive  these  guide  piles,  the  vessel  con- 
taining the  pile  engine  should  be  moored  stem  and  stem 
alongside  the  Une  of  the  intended  dam,  so  that  as  many 
as  possible  of  the  piles  can  be  driven  without  altering  the 
position  of  the  vessel.  In  this  first  part  of  the  process  a 
ringing  engine  and  wooden  monkey  of  about  eight  hun- 
dred pounds  weight  will  act  with  more  success  than  a 
heavy  iron  ram,  and  when  it  is  found  that  the  piles  will 
not  go  deeper  without  skewing  from  the  perpendicular 
direction  it  is  better  to  discontinue  driving  them,  and 
leave  them  to  be  forced  down  aftenvards  when  the  others 
have  been  driven.  As  soon  as  all  the  guage  piles  of  any 
one  row  have  been  fixed,  the  waUngs  should  be  fastened 
to  them,  and  the  intermediate  piles,  ten  in  number 
between  each  pair  of  guage  piles,  may  be  driven  down. 
It  is  scarcely  necessary  to  say  that  the  waling  will  be  of 
important  service  in  driving  these  piles,  because  it  will 
determine  their  precise  position,  and  serve  to  keep  them 
upright  during  the  process.  Considering  the  great  in- 
convenience and  delav  in  the  execution  of  a  work  which 
may  arise  from  an  imperfectly  constructed  coflfer-dam, 
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we  would  recommend  that  the  engineer  should  always 
direct  the  contractor  in  his  specifications  to  place  all  the 
piles  intended  to  be  used  in  some  convenient  spot  for 
inspection  before  they  can  be  admitted  into  the  dam. 
The  piles  may  then  be  laid  close  to  each  other,  their 
scantling,  and  particularly  their  breadths,  properly 
measured,  and  their  angles  tried  in  order  to  see  that 
they  will  fit  close  to  each  other,  and  fully  occupy  the 
space  between  the  walings.  This  preliminary  fixing  is  just 
as  necessary  as  that  adopted  in  trying  roofs  and  centres 
before  they  are  actually  erected,  and  if  insisted  on  by 
engineers,  in  the  case  of  coflfer-dams,  would  prevent 
many  evil  consequences  which  may  be  traced  entirely 
to  the  use  of  improper  piling  in  the  dams.  It  is  certain 
that  if  piles  laid  down  on  the  ground  side  by  side  before 
being  driven  will  not  fit  close  to  each  other,  they  never 
will  afterwards,  and  under  such  circumstances  it  will 
ever  be  found  exceedingly  dangerous  to  try  them. 

When  the  engineer  is  satisfied  that  the  piles  are 
properly  prepared,  and  can  safely  be  used  in  the  work, 
the  whole  number  between  two  of  the  guage  piles  should 
at  once  be  placed  upright  for  driving,  instead  of  being 
inserted  and  driven  down  singly.  This  method  will  in 
a  great  measure  prevent  the  piles  from  taking  a  sloping 
direction,  and  will  ensure  the  desired  result  of  properly 
filling  up  the  spaces  between  the  guage  piles  with  a  close- 
fitting  compact  row  of  intermediate  piles.  We  should 
recommend  that  the  driving  be  commenced  and  con- 
tinued as  long  as  practicable  with  a  well-constructed 
ringing  engine,  and  that  when  the  piles  cease  to  sink 
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fairly  after  repeated  blows  from  the  monkey,  a  heavy 
iron  rain,  with  considerable  fall  and  weighing  fifteen  or 
eighteen  hundred  pounds,  be  substituted  to  complete  the 
driving.  Care  should  be  taken  not  to  eiUow  the  heads  of 
the  piles  to  get  bushy  or  besomy ;  and  when  this  ap- 
pearance is  observed,  the  heads  should  be  immediately 
squared  off,  in  order  that  the  force  of  the  blow  may  not 
he  deadened,  but  may  produce  its  full  effect  by  falling  on 
a  solid  substance.  If  this  precaution  be  neglected,  the 
driving  cannot  be  done  without  great  difficulty. 

Before  deciding  on  the  particular  kind  of  foundation 
which  should  be  adopted  under  any  given  circumstances, 
the  engineer  ought  to  inform  liimself  with  every  possible 
care  as  to  the  nature  of  the  bottom,  not  only  as  he  may 
find  it  at  the  time  of  his  examination,  but  also  with 
reference  to  the  possibility  of  future  changes,  which 
might  entirely  alter  its  cliaracter. 

The  necessity  for  such  an  extended  consideration  will 
be  evident  from  an  observation  of  the  effects  produced 
by  water  on  all  stratifications  with  which  this  poweriiil 
agent  is  found  in  contact. 

We  have  seen  that  sandy  soils,  when  saturated  with 
water,  become  quicksands ;  and  if  we  extend  our  notice 
on  this  subject  to  other  soils,  we  shall  find  chaises  of 
structure  no  less  remarkable  in  clay,  chalk,  peat,  &c., 
according  as  these  are  saturated  in  a  greater  or  less 
degree.  The  difference  between  hard  dry  compact  clays 
and  the  softer  kinds,  which  may  be  dug  with  an  nnder- 
hEind  grafting  tool,  is  sufficiently  remarkable.  With 
respect  to  chalk,  we  may  distinguish  that  upon  which 
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water  has  extensively  operated  since  its  formation  as 
the  substance  known  by  the  name  of  chalk-marl,  a 
material  widely  different  from  the  dry  beds  of  hard 
flinty  chalk  which  more  commonly  prevail.  The  effect 
of  water  upon  peat  also  may  be  considered  identical 
with  the  production  of  ooze,  which  is  nothing  more 
than  peat  in  which  the  vegetable  structure  is  entirely 
destroyed  and  the  peat  converted  into  a  soft  and  very 
compressible  substance,  sometimes  of  a  consistency  not 
much  harder  than  butter.  Now,  as  it  is  a  fact  of  very 
common  observation  that  great  changes  take  place  in 
the  circumstances  under  which  water  is  found  pervading 
various  strata,  it  becomes  obviously  of  importance  to 
investigate  thoroughly  all  these  circumstances  before 
deciding  upon  the  method  of  constructing  an  important 
foundation.  This  remark  demands  particular  attention 
whenever  it  is  in  contemplation  to  introduce  a  timber 
foundation,  because,  independent  of  the  settlement  or 
otherwise  giving-way  of  the  stratification,  which  the 
changes  we  have  alluded  to  may  occasion,  it  is  well 
known  that  the  change  from  a  state  of  moisture  to 
that  of  drought  produces  the  most  injurious  effects 
upon  all  timber.  Thus  it  is  found  that  timber  founda- 
tions originally  laid  down  in  wet  marshy  districts,  which 
have  afterwards  been  drained,  have  decayed  and  en- 
dangered the  stability  of  the  superstructure;  the  same 
result  has  followed  in  manv  situations  also  where  the 
water  has  receded  from  natural  causes,  or  where  wet 
and  dry  seasons  affect  the  moisture  of  the  ground. 
In   the  neighbourhood  of  large  towns   the  sinking  of 
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numerous  wells  will  frequently  withdraw  water  from 
a  timber  foundation  and  thus  cause  its  decay,  while,  if 
the  original  state  of  moisture  had  not  been  disturbed, 
the  foundation  would  have  long  remained  perfectly 
sound.  Even  the  temporary  variations  from  wet  to 
dry,  occasioned  by  the  ebb  and  flow  of  the  tide,  are 
found  very  injurious  to  piling.  The  decay  of  timber 
foundations  in  tlie  situations  we  have  been  describing 
is  made  apparent  in  various  ways,  but  usually  by  cracks 
or  fissures  from  top  to  bottom  of  the  building,  occa- 
sioned by  the  want  of  support  in  those  places  where 
the  timber  has  decayed.  These  cracks  will  be  more 
or  less  extensive  according  to  the  height  and  weight 
of  the  building,  but  in  any  case  are  dangerous,  to  say 
nothing  of  the  disfigurement  they  produce.  In  order 
to  guard  against  this  decay  of  the  timber,  the  foundation 
ought,  if  possible,  to  be  laid  low  enough  to  ensure  the 
object  of  keeping  the  wood-work  always  moist,  wherever 
any  danger  exists  of  the  water  being  withdrawn.  To 
effect  this,  however,  would  often  occasion  a  vast  expense, 
and  it  will  then  be  found  most  expedient  to  abandon  the 
idea  of  using  timber  in  the  foundations. 

Before  quitting  the  subject  of  piling,  we  feel  it  neces- 
sary to  advert  to  a  most  injudicious  practice  which  we 
have  seen  adopted  in  many  situations  where  the  bottom 
is  considered  unsound.  We  allude  to  the  system  of 
partial  piling,  which  is  frequently  used  in  parts  of  a 
foundation,  while  in  other  places  of  the  same  foundation 
the  ground  is  considered  sufficiently  hard  to  bear  the 
necessary  weight  without   the  security  of  piles.      The 
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obvious  effect  of  this  system  is  to  produce  in  the  foun- 
dation certain  very  hard  points  of  support,   while  the 
remaining  surface  of  the  bottom,  namely,  where  no  piles 
have  been  driven,  is  usually  compressible,  and  unable  to 
bear  the  great  weight  upon  it  without  yielding  in  some 
slight  degree.     It  must  be  observed  that  settlement  or 
sinking  will  occur  in  almost  all  buildings,  but  provided 
this  be  perfectly  uniform  in  all  parts  of  the  foundation 
the  consequence  to  the  building  is  by  no  means  injurious. 
But  conceive  one  part  of  a  foundation  yielding  even  to 
an  extent  ever  so  trifling,  while  other  contiguous  parts 
remain  perfectly  soUd  and  immoveable,  and  we   may 
readily  arrive  at  one  very  common  cause  of  settlement 
in  buildings.     The  part  of  the  foundation  which  sinks 
under  the  pressure  of  the  building  may  be  considered  as 
a  hollow  lying  under  the  stone-work,  while  the  effect 
produced  upon  each  course  of  stones  may  be  compared 
to  the  strain  upon  a  beam  projecting  from  a  wall  and 
loaded  uniformly  with  a  weight.     Each  course  of  stones 
is  in  fact  a  beam,  supported  at  one  part  on  the  hard 
piled  foundation,  while  the  weight  of  the  building  above, 
tending  to  press  the  other  part  down  into  the  yielding 
part  of  the  foundation,  acts  with   great   leverage,  and 
usually  produces  a  fracture. 

To  investigate  the  direct  tendency  to  fracture  occa- 
sioned by  a  partially  unsound  bottom,  and  thus  show  in 
the  clearest  manner  the  danger  of  allowing  so  great  a 
weight  as  that  which  usually  presses  on  the  piers  of  a 
bridge  to  act  in  such  a  destructive  manner,  would  by  no 
means  be  difficult ;  but  as  this  would  be  more  in  the 
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nature  of  a  theoretical  inquiry  than  the  object  of  this 
paper  will  justify,  it  may  be  sufficient  to  point  out  the 
manner  in  which  this  kind  of  destruction  is  caused. 

At  present  the  practice  of  partial  piling  is  notoriously 
common,  particularly  in  the  neighbourhood  of  the  metro- 
polis and  other  large  towns,  where  the  builders  not 
unfrequently  take  great  praise  to  themselves  for  the 
judgment  they  exercise  in  order  to  determine  what  parts 
of  the  foundation  for  walls,  &c.,  should  be  piled,  and 
what  parts  may  safely  be  built  upon  without  piles. 
Such  an  injudicious  system  cannot  be  too  strongly 
condemned,  and  engineers  and  architects  ought  to 
be  very  carefiil  how  they  trust  to  the  management  of 
contracting  builders,  and  others  having  charge  under 
them  of  extensive  buildings.  In  order  to  show  the  con- 
sequences of  even  a  very  slight  partial  settlement  in  a 
building,  as  illustrating  the  danger  of  adopting  a  system 
which  is  actually  calculated  to  produce  such  a  settle- 
ment, we  shall  relate  an  instance  with  which  the  writer 
himself  was  intimately  acquainted.  The  piers  of  a  large 
aqueduct,  eleven  in  number,  with  two  abutments,  had 
all  been  founded  on  gravel,  a  few  feet  below  the  surface, 
and  stood  remarkably  well,  the  masonrj'  appearing  with- 
out a  flaw  when  they  were  carried  up  to  their  full  height 
of  about  fifty  feet.  One  of  the  piers  at  the  south  end, 
however,  was  founded  one  part  on  the  gravel  and  the 
other  on  very  hard  Whins  tone  rock,  the  surface  of  which 
was  merely  levelled  and  the  building  at  once  commenced. 
When  carried  up  to  about  thirty  feet  a  formidable  fissure 
was  observed  from  top  to  bottom  of  this  pier,  and  the 
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only  possible  source  to  which  the  mischief  could  be 
traced  was  the  step  of  founding  the  pier  partly  on  the 
rock  and  partly  on  the  gravel.  Had  the  whole  pier  been 
on  the  rock,  it  would  of  course  have  stood  without  any 
settlement ;  had  the  whole  been  on  the  gravel,  it  would 
perhaps  have  settled  to  a  trifling  extent,  but  would  no 
doubt  have  stood  as  well  as  all  the  other  piers,  which 
were  founded  entirely  on  the  gravel.  Placed,  however, 
partly  on  the  rock,  which  was  perfectly  soUd,  and  partly 
on  the  gravel,  which  slightly  yielded  beneath  the  great 
pressure  upon  it,  the  consequence  followed  as  described 
above ;  in  order  to  remedy  which,  a  great  number  of  the 
stones  had  to  be  taken  out  and  re-set  on  each  side  of  the 
fissure.  The  application  of  this  example,  which  shows 
the  consequences  of  building  on  a  natural  foundation 
more  solid  in  one  part  than  another,  to  the  case  of  an 
artificial  foundation  put  in  precisely  the  same  situation 
by  the  injudicious  use  of  piling,  is  sufficiently  obvious. 
In  defence  of  the  practice  of  partial  piling  it  has  been 
urged  that  the  ground  in  its  original  state  is  already 
more  solid  in  one  place  than  another,  and  that  the  piling 
is  only  introduced  to  render  the  whole  surface  equally 
firm.  But  the  answer  to  this  obviously  is,  that  the 
introduction  of  one  evil  is  no  cure  for  another,  and  it 
would  probably  be  found  better  to  build  on  the  original 
ground,  bad  as  it  is,  than  to  adopt  a  foundation  so 
unequally  sound  as  that  which  is  formed  by  the  use  of 
piling  in  occasional  spots.  Where  the  unsound  parts  of 
the  foundation  are  of  small  size,  a  few  flat-bedded  stones 
placed  in  the  bottom  will  frequently  answer  as  well  as 
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piling ;  but  if  unsound  to  any  considerable  extent,  the 
engineer  will  prefer  the  use  either  of  piling  or  of  concrete 
all  over  the  foundations  to  the  imperfect  and  unsafe 
expedient  of  patching  up  the  unsound  parts  with  piles. 
Looking  at  the  usual  effects  of  partial  piling  in  a 
suspected  foundation,  it  would  seem  to  be  really  worse 
than  useless,  and  the  obvious  rule  pointed  out  by  expe- 
rience appears  to  be  that  pihng,  whenever  adopted, 
should  extend  entirely  over  the  whole  base  of  the  foun- 
dation, and  even  some  few  feet  beyond  it  all  round. 
The  piles  should  be  driven  at  equal  spaces .  apart,  and 
regularly  planked  over,  as  described  in  a  former  paper. 

Some  French  engineers  practise  a  system  of  rendering 
the  ground  to  be  built  upon  uniformly  soUd  by  means  of 
pounding  with  a  heavy  ranuner,  and  wherever,  by  this 
process,  any  part  is  beaten  down  below  the  general  level, 
the  space  is  filled  up  with  other  material,  until  the  whole 
is  well  compressed  and  brought  to  a  level  surface.  With 
some  kinds  of  clay  this  system  of  pounding  may  answer 
very  well,  but  in  other  stratifications  it  would  be  rather 
injurious  than  otherwise.  For  instance,  where  inter- 
mixed beds  of  clay  and  sand  form  the  stratification  it  is 
frequently  found  that  some  parts  are  less  solid  than 
others,  and  yet  the  practice  of  pounding  would  probably 
produce  no  good  effect  upon  the  defective  parts,  as  it 
would  be  very  apt  to  occasion  water  to  spring  up  from 
the  porous  strata  beneath.  Thus  in  building  on  almost 
any  part  of  the  London  clay,  which  contains  numerous 
beds  of  sand,  it  would  by  no  means  be  judicious  to  try 
the  expedient  of  pounding:.     We  are  inclined   to  tliink 
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that  dry  clays,  mould,  and  newly  made  ground,  present 
the  only  cases  where  poimding  would  be  of  any  advan- 
tage in  effecting  the  object  of  rendering  the  ground 
uniformly  solid. 

No.  4. 

The  value  of  concrete,  as  a  substitute  for  stone  or 
timber  in  foundations,  is  now  well  known,  and  the  situa- 
tions will  be  found  exceedingly  rare  where  this  substance 
cannot  be  successfully  employed.  If  tried,  however,  on 
a  quicksand  where  the  water  could  carry  away  the  parti- 
cles of  sand,  or  on  gravel  where  the  finer  particles  could 
be  similarly  acted  on  by  water,  and  the  whole  stratum 
thus  lowered,  hollows  would  be  formed  under  the  concrete 
which  would  in  all  probabiUty  give  way  and  much  en- 
danger the  stabiUty  of  any  building  resting  upon  it.  In 
a  situation  of  this  kind  piling  would  be  infinitely  prefer- 
able to  concrete,  and  in  Uke  manner  it  would  be  better  to 
use  piles  than  to  lay  concrete  on  any  soft  stratum  into 
which  the  concrete  would  sink.  The  cheapness  of  con- 
crete is  one  great  recommendation  which  ought  never  to 
be  overlooked.  When  an  unsound  bottom  has  been  tried, 
and  the  fact  ascertained  that  its  depth  is  inconsiderable, 
say  five  or  six  feet  deep,  it  would  be  on  the  one  hand 
very  bad  engineering  to  attempt  building  with  stone 
upon  the  unsound  stratimi  itself,  and  on  the  other  hand, 
on  accoimt  of  the  expense,  the  error  in  judgment  would 
scarcely  be  more  justifiable  of  taking  out  the  unsound 
stratum  and  building  with  stone  from  the  solid ;  but  this 
is  a  case  where  concrete  may  be  used  with  great  advan- 
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tage,  because  it  may  without  danger  be  placed  on  the 
unsound  stratum;  and  in  a  much  greater  degree  will 
concrete  foimdations  be  superior  to  all  others  where  the 
depth  of  the  unsound  strata  is  considerable,  and  where, 
except  for  the  concrete,  the  extensive  use  of  piling  would 
be  absolutely  required. 

Objections  have  been  urged  against  the  use  of  concrete 
in  marshy  grounds,  and  supported  by  allusion  to  the 
Greenwich  Railway  viaduct,  the  piers  of  which  were 
founded  on  concrete,  and  some  considerable  settlement 
afterwards  took  place.  The  writer  is  not  sufficiently 
acquainted  with  the  details  of  that  work  to  be  able  satis- 
factorily to  explain  the  causes  of  the  settlement,  but  is 
certainly  not  inclined  to  attribute  any  evil  consequences 
to  the  use  of  the  concrete  in  that  situation,  because  he 
is  persuaded  that  this  material  is  the  best  that  could 
have  been  adopted  for  a  foundation  in  those  marshes. 
This  opinion  is  corroborated  by  the  fact  that  the  Croy- 
don Railway  viaduct,  which  joins  the  Greenwich  Railway 
about  a  mile  and  a  half  from  London  Bridge,  and  is 
founded  in  the  same  marshes,  even  in  the  very  worst 
part  of  them,  stands  remarkably  well,  and  presents  no 
trace  of  any  flaw,  crack,  or  settlement. 

Numerous  examples  might  be  pointed  out  where 
buildings  of  great  extent  are  found  to  stand  remarkably 
well  on  concrete  foundations,  placed,  too,  in  a  stratifi- 
cation far  from  solid.  Amongst  these  may  be  men- 
tioned the  Penitentiary  at  Mill  Bank,  and  the  very  large 
building  called  Fishmongers'  Hall,  on  the  north  side 
of  London   Bridge.      Both   these  buildings   rest  on   a 
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substratum  of  very  soft  elastic  alluvial  soil ;  and  yet 
their  foundations,  of  concrete,  are  unrivalled  for  firmness 
and  stability.  The  Penitentiary,  particularly,  is  an  old 
building,  and  may  be  cited  as  one  which  has  been  fairly 
tried  by  the  test  of  time.  Pieces  of  concrete  which  have 
occasionally  been  taken  from  the  foundation  of  this 
building  are  not  inferior  in  hardness  to  some  of  the 
pudding-stone  rocks  found  in  the  neighbourhood  of  the 
coal  fields. 

The  kind  of  Umestone  from  which  the  concrete  is 
made  very  importantly  affects  its  quality.  The  fol- 
lowing are  the  principal  varieties  of  strata  from  which 
limes  are  burnt  in  this  country. 

1 .  The  upper  and  lower  chalk,  extending  over  a  con- 
siderable portion  of  Lincolnshire  and  Yorkshire,  ranging 
also  through  the  counties  of  Norfolk,  Suffolk,  Hertford, 
Bucks,  Wilts,  Dorset,  Hants,  Surrey,  Sussex,  and  Kent. 
2.  The  Ashbumham  limestone,  deriving  its  name  from 
the  locality  where  found  in  the  coimty  of  Kent.  3.  The 
oolite  formation,  in  which  are  numerous  beds  of  Ume- 
stone, throughout  the  counties  of  Dorset,  Somerset, 
Gloucester,  Oxford,  Northampton,  Rutland,  Lincoln, 
and  York.  4.  The  has  formation,  extending  from  Lyme 
Regis,  in  Dorsetshire,  through  the  counties  of  Dorset, 
Somerset,  Gloucester,  Warwick,  Leicester,  Nottingham, 
Lincoln,  and  York.  5.  The  magnesian  limestone  for- 
mation, extending  over  the  eastern  parts  of  the  county 
of  Durham.  6.  The  carboniferous  or  mountain  lime- 
stone, extensively  prevaiUng  in  the  north  of  England, 
in    Cumberland,   Northumberland,    Yorkshire,   Derby- 


shire,  also  in  Denbighshire,  Monmouthshire,  Glamor- 
ganshire, and  Somersetshire;  and,  lastly,  the  Silurian 
rocks,  in  which  are  nimierous  beds  of  limestone,  par- 
ticularly at  Wenlock,  Dudley,  Llandovery  in  CSarmar- 
thenshire,  &c.  It  is  true  that  limestones  are  found 
in  other  formations  besides  the  preceding,  fot  in- 
stance, occasionally  in  the  old  red  sandstone,  and  more 
rarely  beds  of  limestone  occur  in  the  coal  formatiim. 
We  have,  however,  enumerated  all  the  rocks  finom 
which  Umestones  are  usually  quarried  for  the  purpose 
of  being  burnt  into  lime.  The  quaUties  of  numerous 
limestones  appear  to  have  been  well  considered  by 
Colonel  Paslev,  and  of  all  those  mentioned  above  he 
gives  a  decided  preference  to  the  lias  limestones,  when 
speaking  of  the  best  description  of  lime  for  concrete. 
This  author  condemns  the  use  of  the  piure  limes,  which 
do  not  possess  the  property  of  setting  readily  under 
water,  because,  in  such  large  masses  as  are  requisite  for 
the  practical  purposes  of  forming  artificial  foundati(His 
under  heavy  buildings,  the  concrete  made  of  such  lime 
would  never  have  time  to  set  in  a  damp  situation,  and 
wet  would  destroy  it.  The  limes  of  Dorking,  Merstham, 
Reigate,  and  Hailing,  however,  which  are  all  procured  from 
the  beds  of  the  lower  chalk  formation,  usually  called  the 
grey  chalk,  possess  hydraulic  properties  in  a  greater  or 
less  degree,  and  will  be  found  an  excellent  material  for 
concrete.  All  of  these  places  supply  the  metropolis  with 
lime,  which  is,  no  doubt,  extensively  used  for  concrete. 
In  the  appUcation,  however,  of  hme  burnt  fix)m  chalk, 
care  should  be  taken  never  to  confound  the  upper  with 


the  lower  chalk,  because  none  of  the  beds  containing 
flint  possess  the  qualities  of  water  limes.  In  fact,  the 
lime  iix)m  the  upper  chalk  usually  makes  weak  mortar, 
and  therefore  is  quite  unfit  for  concrete.  Water  limes 
are  procured  at  several  places  in  the  range  of  the  Sussex 
South  Downs,  as  at  Poynings,  Clayton,  and  elsewhere  in 
the  neighbourhood  of  Brighton.  It  is  usually  considered 
that  the  magnesian  limestones  possess  hydraulic  pro- 
perties, but,  as  an  ingredient  in  concrete,  they  are  cer- 
tainly inferior  both  to  the  lias  and  to  the  stronger  of  the 
grey  chalk  limes. 

It  seems  that  all  the  water  limes  of  this  country  con- 
tain a  certain  portion  of  clay,  and  of  this  ingredient  the 
analyses  of  some  of  the  magnesian  limestones  show  as 
much  as  eleven  per  cent.  The  carboniferous  or  moun- 
tain limestones,  abounding  so  extensively  in  the  neigh- 
bourhood of  the  coal  and  iron  districts  of  Great  Britain, 
bum  into  a  very  strong  and  excellent  lime.  It  must, 
however,  be  observed,  that  limestones  generally  require 
time  and  fiiel  for  burning  in  proportion  to  the  strength 
of  the  lime  they  yield ;  and  this,  again,  in  limestones  of 
the  same  composition,  is  usually  in  proportion  to  their 
hardness.  The  chalk  seems  to  be  an  exception  to  this 
rule,  which  certainly  applies  to  all  other  limestones  with 
which  we  are  acquainted.  Probably  the  most  easily 
burnt  lime  that  can  be  found  is  made  from  the  chalk 
marl  of  Norfolk,  but  this  lime,  although  very  pure  in 
quality,  is  exceedingly  weak.  The  ordinary  dry  chalk 
also  bums  with  great  ease,  and  the  lime  may  be  con- 
sidered of  medium  quality ;  and,  lastly,  the  grey  chalk 
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bums  with  very  little  more  difficulty,  and  the  lime  pro- 
duced is  excellent.  Many  valuable  beds  of  limestone 
are  met  with  in  the  oolitic  series,  particularly  in  the 
lower  or  great  oolite,  w^here  those  beds  are  frequently 
found  resting  on  the  white  or  yellowish-colomred  free- 
stone, from  which,  more  particularly,  the  oolite  for-* 
mation  derives  its  name.  The  oolite  limestones  most 
proper  for  burning  into  lime  are  mostly  of  a  dark 
mottled  grey  colour,  not  imlike  the  lias ;  they  bum 
with  difficulty,  but  the  lime  is  of  excellent  quality,  and 
much  valued  for  its  strength  and  durability.  The  writer 
thinks  it  probable  that  the  ooUtic  limestones  in  general 
possess  hydrauUc  properties,  but  cannot  speak  positively 
on  the  subject. 

The  Silurian  rocks  furnish  a  great  variety  of  lime- 
stones, some  of  which  are  so  very  impure,  and  so  fiUed 
with  large  fossils,  which  have  introduced  animal  matter 
into  combination  with  the  calcareous  basis,  as  to  render 
them  quite  unfit  for  being  burnt  into  lime.  In  the 
neighbourhood  of  Dudley,  however,  and  in  other  parts  of 
the  Silurian  range,  considerable  quantities  of  lime  are 
burnt.  Considering  the  usually  exposed  situation  of 
concrete  foundations  in  regard  to  the  action  of  water, 
and  the  consequent  necessity  that  the  lime  used  in  its 
formation  should  possess  to  a  considerable  degree  the 
properties  of  setting  and  remaining  hard  under  water, 
it  is  always  advisable,  if  possible,  to  use  a  strong  lime,  if 
not  a  regular  water  hme,  as  the  lias.  Tlie  mountain 
limestones  burn  into  a  lime  which  sets  remarkably  hard, 
and  may  safely  be  depended  on  in  all  concrete  founda- 
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tions ;  on  the  contrary,  none  of  the  lime  made  from  chalk 
marl,  or  dry  chalk  with  flints,  ought  ever  to  be  used  in 
wet  situations,  since  it  will  never  set  or  become  hard 
when  continually  subjected  to  water  in  contact  with  it. 
Before  determining  on  the  proportion  of  lime  that  should 
be  used  in  making  concrete,  the  quaUty  and  size  of  the 
gravel  ought  to  be  considered,  because  it  must  be  observed 
that  the  quantity  of  lime  should  be  increased  according 
to  the  coarseness  of  the  sand  used  with  the  gravel. 

It  is  evident  that  in  the  composition  of  concrete  the 
sand  or  the  finer  particles  of  gravel  combine  with  the 
lime  as  in  ordinary  mortar,  and  it  seems  reasonable  that 
the  quantities  of  quicklime  and  sand  should  bear  the 
same  proportion  to  each  other  in  good  concrete  as  in 
good  mortar,  because  the  obvious  condition  sought  to 
be  fiilfiUed  is  that  the  pebbles  of  the  larger  gravel  shall 
be  cemented  together  in  the  most  perfect  manner. 
Again,  as  the  fluid  mass  of  water,  Ume,  and  sand  must 
fill  the  entire  of  the  interstices  between  the  larger  par- 
ticles, the  quantity  of  this  mass  must  vary  with  the 
nature  and  size  of  the  pebbles.  It  is  not  true  that  the 
larger  pebbles  placed  in  mass  always  contain  more  un- 
occupied space  than  the  smaller  pebbles,  this  being  a  law 
which  only  holds  where  the  stones,  great  and  small,  are 
to  a  certain  extent  homologous  and  similar  figures.  It  is 
clear,  if  the  smaller  pebbles  are  mostly  rounded,  and  the 
larger  mostly  angular,  the  former  may  very  readily  con- 
tain more  space  or  vacuity  than  the  latter,  the  masses 
of  each  being  equal.  As  a  general  rule,  the  gravel  used 
for  concrete  should  not  be  too  fine,  and,  at  the  same 
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time,  large  stones  are  inadmissible.  The  bed  of  the  river 
Thames  in  many  places  furnishes  an  excellent  mixture 
of  sand  and  gravel  for  making  concrete,  without  any 
preparation  whatever.  Concrete  used  in  the  foundation 
of  the  Penitentiary  was  made  of  this  Thames  gravel,  and 
certainly  a  better  specimen  of  an  artificial  foundation  can 
nowhere  be  met  with.  Colonel  Pasley  relates  the  fact 
that  part  of  the  foundation  of  the  Penitentiary  was  found 
to  be  giving  way ;  and  the  writer  of  this  article  is  able, 
from  an  acquaintance  with  the  history  of  this  first  use  of 
concrete,  to  account  for  the  giving  way  alluded  to,  Mr. 
John  Hughes,  the  father  of  the  writer,  happened  to  be 
the  contractor  who  executed  the  concrete  foimdation. 
In  consequence  of  the  interference  of  some  of  the  in- 
spectors or  superintendents,  Mr.  Hughes  was  compelled, 
contrary  to  his  own  remonstrances  and  strong  objections, 
to  screen  the  gravel,  and  thus  separate  all  the  sand  iix)m 
it  previous  to  mixing  it  with  the  lime  to  form  the  con- 
crete. The  consequence  was  one  which  might  with  great 
certainty  have  been  anticipated ;  the  lime  mixed  with 
the  large  gravel  alone,  without  sand,  even  if  it  hardened 
at  all,  instead  of  setting  into  an  artificial  stone  had  no 
more  strength  than  dried  clay,  and  none  of  the  solidity 
and  strength  of  good  concrete  or  artificial  rock.  Hence 
the  reason  of  the  failure,  which  was  prevented  from  pro- 
ceeding to  a  greater  extent  by  a  subsequent  order  to  use 
the  gravel  as  it  was  raised  by  the  engine  out  of  the  bed 
of  the  river,  without  any  preparation  whatever.  It  fol- 
lows from  what  has  been  said  already  of  the  composition 
of  concrete,  that  the  same  quantity  of  pebbles  in  pro- 


portion  to  the  lime  and  sand  must  be  used,  whatever  be 
the  quality  of  these,  and  hence  the  subject  which  requires 
the  most  important  exercise  of  judgment  is  that  of  deter- 
mining the  relative  portions  of  lime  and  sand  to  be 
employed  as  the  cementing  ingredients,  or  matrix,  with 
which  to  fill  the  interstices  between  the  pebbles. 

Thus  the  theory  of  composing  the  best  concrete  ap- 
pears simply  to  involve  the  same  consideration  as  that  of 
making  the  strongest  mortar  with  the  same  materials; 
that  is,  with  the  same  kind  of  lime  and  sand  employed 
for  each  purpose. 

The  pure  kinds  of  lime  from  Dorking,  Reigate,  Merst- 
ham,  Hailing,  Higham,  Frindsbury,  and  other  places  in 
the  neighbourhood,  although  not  of  such  strength  as  the 
lime  burnt  from  the  lias,  the  carboniferous,  and  other 
hard  limestones,  will  take  more  sand  than  the  latter 
in  combination  with  it  in  the  state  of  mortar. 

For  instance,  the  chalk  limes  will  usually  take  three 
times  their  bulk  of  moist  sand,  while  the  lias  lime  will 
not  make  good  mortar  if  more  than  twice  its  bulk  of 
sand  be  used;  the  quantity  for  the  carboniferous  lime- 
stones being  about  a  mean  between  the  two,  or  two  and 
a  half  times  its  own  bulk  measured  in  a  moist  state,  the 
lime  being  measured  before  slaking.  This  difference  in 
the  proportion  of  sand  to  make  mortar  with  different 
limes  appears  to  depend  on  the  relative  purity  of  the 
limes  themselves. 

Thus,  the  chalk,  being  the  purest  carbonate  of  lime 
with  which  we  are  acquainted,  requires  a  greater  quan- 
tity of  sand  than  almost  any  other  kind  of  lime ;  while 
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the  lias,  being  an  argiUaceous  limestone,  would  be 
overloaded  and  adulterated  by  a  greater  mixture  of  sand 
than  here  stated.  It  has  been  already  noticed  that  when 
the  sand  used  for  mortar  is  of  a  coarse  quality,  a  less 
quantity  must  be  mixed  with  the  lime  than  if  the  quality 
be  finer ;  and  this  axiom  will  be  found  in  perfect  accord- 
ance with  a  law  which  would  regulate,  on  very  sound 
principles,  the  quantity  of  sand  which  should  be  used  in 
making  mortar,  namely,  that  the  sand  should  measure 
in  a  moist  state  as  much,  and  no  more,  than  when 
thoroughly  incorporated  with  the  quicklime  and  water. 
Should  the  sand  for  making  mortar  be  too  coarse,  it 
will  evidently  not  enter  into  that  intimate  combination 
with  the  lime  which  is  necessary  to  produce  the  requisite 
adhesiveness  and  solidifying  property  of  mortar.  The 
cement  or  mixture  containing  too  great  a  proportion 
of  large  sand  may  be  considered  as  a  putty  uniting  the 
coarser  particles  together,  and  if  the  quantity  of  fine 
sharp  sand  in  combination  with  the  lime  is  insufficient, 
the  strength  of  the  mass  will  not  be  greater  than  that  of 
putty,  or  dried  clay,  as  already  stated.  It  would  seem, 
however,  that  if  fine  sharp  sand  be  used  for  the  mortar 
in  sufficient  quantity,  the  addition  of  a  certain  proportion 
of  larger  particles  can  do  no  harm,  except  when  the 
mortar  is  required  for  fine  joints  of  brick-work  or  exterior 
masonry ;  in  fact,  when  much  rubble  backing  occurs  in 
any  building,  it  would  be  an  economical  plan  to  mix 
small  pebbles  with  the  mortar :  by  this  plan  a  saving  of 
lime  could  be  effi^cted,  and  the  building  would  in  every 
respect  be  as  strong  as  if  pure  mortar  alone  had  been 


used.  This  exception,  of  course,  does  not  in  any  way 
apply  to  concrete,  where  the  mortar,  consisting  of  the 
sand  and  quickUme  incorporated  with  water,  is  used  to 
cement  the  pebbles  together.  It  is  probable  that  grains 
of  sand  larger  than  a  pin's  head  do  not  combine  chemi- 
cally with  the  lime,  so  that  in  all  concrete  a  certain  por- 
tion of  the  sand  ought  to  be  quite  fine.  Too  much 
importance  cannot  be  attached  to  the  necessity  of  using 
sharp  sand,  free  from  earthy  particles.  The  best  possible 
kind  of  sand  which  can  be  used  is  composed  of  small 
grains  of  angular  silex  or  quartz.  The  consequence  of 
using  sand  adulterated  with  loamy  and  clayey  particles 
is  that  the  mortar  will  appear  fat,  as  it  is  technically 
called  by  the  workmen,  while  its  real  quality  will  be 
something  intermediate  between  that  of  mud  and  good 
mortar.  Several  of  the  reaches  in  the  river  Thames 
furnish  a  sand  which,  although  the  grains  composing  it 
be  smooth  and  rounded,  is  yet  an  excellent  sand,  and 
much  esteemed  by  builders  on  account  of  its  purely 
silicious  nature,  and  its  freedom  from  admixture  with 
particles  of  clay,  mould,  or  any  other  foreign  ingredient. 
The  London  builder  has  also  the  advantage  of  being  able 
to  procure  from  the  Thames  sand  of  any  degree  of  fine- 
ness or  coarseness,  according  to  the  place  from  which 
the  sand  is  taken;  the  principal  circumstances  which 
regulate  the  quality  either  of  sand  or  gravel  being  the 
velocity  of  the  current  where  it  is  found,  and  the  nature 
of  the  streams  falling  into  the  river  in  the  neighbourhood 
of  the  various  beds  of  sand  and  gravel.  To  speak  prac- 
tically of  the  mixture  of  sand  in  making  concrete,  we 


should  say  that  none  of  the  particles  ought  to  exceed 
the  size  of  a  barley-corn,  and  that  a  greater  portion  of 
the  sand  should  not  exceed  half  that  size,  while  another 
portion  of  the  sand,  equal  in  quantity  to  the  other  two 
portions  united,  should  consist  of  grains  of  sand  not  so 
large  as  a  pin's  head ; — then  of  such  sand  a  quantity 
varying  from  two  and  a  half  to  three  and  a  half  times 
the  bulk  of  the  quicklime  may  be  used  in  making 
concrete.  The  lime  should  be  measured  in  powder  be- 
fore slaking,  and  the  sand  should  be  measured  in  a  moist 
state.  With  respect  to  the  quantity  of  gravel  or  pebbles 
thtt  should  be  used  in  the  concrete,  taking  for  our  guide 
the  law  already  laid  down,  that  the  lime  and  sand  should 
exactly  fill  the  interstices  between  the  stones  when  laid 
as  close  as  they  can  be  without  any  admixture,  it  will  be 
seen  that  such  a  quantity  of  lime  and  sand  could  be 
ascertained  by  experiment  in  the  following  manner: 
namely,  take  any  cube  measure  of  the  pebbles  from 
which  the  sand  has  been  entirely  separated,  then,  by 
pouring  as  much  water  into  them  as  will  entirely  fill  the 
interstices,  the  cubic  measure  of  this  quantity  of  water 
will  give  the  proportion  of  lime  and  sand  which  should 
be  used  to  any  given  bulk  of  the  pebbles.  It  will  be 
found,  as  the  result  of  this  experiment,  that  the  quantity 
of  water  required  to  fill  the  interstices  of  the  pebbles  is 
something  betw^een  one-third  and  one-half  the  cubical 
contents  of  the  pebbles,  according  to  the  size  and  shape  of 
the  latter.  Supposing  the  quantity  to  amount  to  one- 
half,  and  the  sand,  as  previously  determined,  is  to  be 


not  increase  the  bulk  of  the  concrete  when  properly 
incorporated  with  the  sand,)  the  proportions  of  these  in- 
gredients,— ^lime,  sand,  and  gravel, — ^will  be  as  one,  three, 
and  six ;  that  is,  the  concrete  should  consist  of  one  part 
by  measure  of  lime,  three  parts  of  sand,  and  six  of 
gravel.  Next,  suppose  the  interstices  of  the  gravel  or 
pebbles  to  be  equal  to  one-third  their  bulk,  then  the 
quantities  of  each  ought  to  be — ^lime  one,  sand  three,  and 
gravel  nine,  parts.  Many  concretes  have  been  prepared 
according  to  each  of  these  sets  of  proportions,  but  it  will 
probably  be  found  that  the  mean  of  the  two,  or  the 
proportions  of  one,  three,  and  seven,  or  seven  and  a  half, 
wiU  form  a  very  exceUent  concrete  with  pebbles  of  the 
average  size  and  lime  of  the  average  quahty  used  about 
London.  If,  however,  lime  be  used  which  only  takes 
two  portions  of  sand  to  one  of  lime  to  convert  it  into 
good  mortar,  the  proportions  for  concrete  will  then  be 
(where  the  vacuities  are  equal  to  one-half  the  cubical 
contents  of  the  pebbles) — gravel  four,  sand  two,  and  lime 
one;  and  when  gravel  is  used  in  which  the  interstices 
have  been  found  to  measure  one-third  of  the  whole  bulk, 
then  the  proportions  will  be  six  of  gravel,  two  of  sand, 
and  one  of  lime. 

Various  methods  of  slaking  lime  are  practised,  and 
some  engineers,  particularly  in  Scotland,  invariably  re- 
quire that  the  mortar  shall  be  kept  for  some  time  after 
being  mixed,  before  it  is  allowed  to  be  used  in  the  work. 
£ven  in  concrete  under  heavy  buildings  it  is  desirable  that 
the  lime  should  be  well  slaked  before  being  put  into  the 
foundation,  because  the  bursting  and  expansion  which 
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attends  the  slaking  of  the  refractory  portions  of  lime 
disturbs  the  whole  mass  of  concrete,  and  prevents  it  from 
setting  into  a  solid  substance,  as  it  ought  to  do.  The 
practice  of  grinding  the  burnt  lime  into  a  fine  powder 
before  slaking  is  so  very  judicious  that  it  should  al¥^y8 
be  adopted:  when  thus  ground,  the  lime  should  be 
equally  covered  over  with  the  mixture  of  sand  and  gravel, 
in  order  to  prevent,  as  much  as  possible,  the  escape  of 
steam  during  the  process  of  slaking ;  water  may  then  be 
regularly  poured  on  the  heap  from  a  watering-pot,  and 
after  allowing  it  to  remain  in  this  state  about  five  or  six 
hours,  which  will  be  sufficient  time  for  slaking  the 
ground  lime,  the  whole  must  be  carefully  mixed  together 
and  thrown  into  the  foundation  as  quickly  as  it  can  be 
got  ready. 

General  specifications  for  concrete  may  run  thus  : — ^The 
gravel  may  be  taken  out  of  parts  of  the  river  Thames,  or 
from  other  places  hereafter  described,  but  to  be  of  such 
quality  as  the  engineer  shall  approve  of ;  the  lime  to  be 
made  from  the  lias  formation,  from  the  carboniferous 
limestone,  from  the  under  beds  of  the  lime  quarries  of 
Merstham  or  Dorking,  or  from  such  other  hydraulic 
limestone  as  the  engineer  may  be  satisfied  with.  If  the 
Thames  gravel  cannot  be  conveniently  procured,  pit 
gravel,  if  properly  washed,  broken,  and  sorted,  may  be 
admitted,  also  broken  flints,  stones,  and  pebbles  of  any 
description,  lime-siftings,  broken  bricks,  or  hard  chalk, 
in  the  proportion  of  one-third  of  the  latter  to  the  whole 
bulk  used.  None  of  these  materials  to  be  larger  than 
will  pass  through  a  ring  of  three  inches  diameter,  and 
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they  must  be  entirely  cleansed  from  all  clay,  soil,  or 
earthy  matter  of  every  description,  but  must  be  mixed 
with  about  one-third  their  whole  bulk  of  pure  sand,  more 
or  less,  as  the  engineer  may  determine.  The  sand  to  be 
sharp  and  clean,  and  of  the  size  and  quality  before 
described.  The  Ume  to  be  taken  fresh  from  the  kiln, 
and,  after  being  ground  in  a  mill,  to  be  covered  with  the 
sand  and  gravel,  and  altogether  prepared  and  used  as 
already  detailed. 

Great  diflference  of  opinion  prevails  amongst  architects 
and  engineers  as  to  the  depth  of  concrete  which  should 
be  adopted  in  the  various  situations  where  it  has  to  be 
used  as  a  foundation.  To  determine  this  it  is  of  course 
necessary  to  be  well  acquainted  with  the  nature  of  the 
strata  on  which  the  concrete  is  to  rest,  and  even  after 
knowing  this  it  would  be  exceedingly  injudicious  to 
determine  on  any  thickness  which  should  be  hazardous 
and  doubtful.  It  may  be  safely  stated,  that  the  greatest 
depth  will  always  be  necessary  where  the  foundation  is 
of  unequal  soUdity.  Even  the  softest  and  most  yielding 
substratum,  such  for  instance  as  a  bed  of  elastic  peat, 
provided  its  compressibility  be  imiform  over  the  whole 
base,  will  require  a  less  thickness  of  concrete  to  support 
a  building  resting  upon  it  than  if  the  same  building  stood 
on  concrete  partly  resting  on  peat  and  partly  on  a  more 
solid  stratum.  As  a  general  guide,  the  depth  of  concrete 
ought  in  no  case  of  bridge  or  viaduct  building  to  be  less 
than  three  feet  thick,  and  it  will  rarely  be  necessary  to 
use  a  greater  depth  than  six  feet.  Concrete  being,  how- 
ever,  much  cheaper   than  any  other  kind  of  ^^^'^^ 
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foundation, — whether  of  stone,  bricky  or  wood, — there 
can  be  no  impropriety  in  putting  any  thickness  that  is 
necessary  to  raise  the  building  from  a  solid  base  to  neaiiy 
the  surface  of  the  ground,  from  which  level  a  better 
description  of  building  becomes  necessary. 

In  the  course  of  the  preceding  papers,  while  con- 
sidering separately  the  various  kinds  of  foundations,  we 
have  been  led  to  remark  on  a  few  of  the  more  common 
causes  of  settlement  and  failure  in  heavy  buildings.  Thus 
we  noticed  that  timber  platforms,  placed  under  a  build- 
ing, were  subject  to  decay  firom  the  alternations  of 
drought  and  moisture,  from  which  arises  the  necessity 
of  well  observing  whether  the  timber  will  be  exposed 
permanently  either  to  one  or  other  of  these  states,  be- 
cause the  changes  from  one  to  the  other  are  exceedingly 
injurious  to  every  kind  of  wood-work. 

The  agency  of  water  in  producing  dangerous  conse- 
quences where  a  building  is  founded  on  sand  has  also 
been  pointed  out,  and  on  this  subject  it  will  only  be 
necessary  to  add  our  conviction  of  the  great  caution 
which  should  be  used  by  engineers  in  founding  either 
upon  an  existing  quicksand,  or  upon  any  sandy  stratum 
which  may  by  the  future  operations  of  water  be  con- 
verted into  this  state.  We  have  further  noticed,  as  a 
point  of  great  importance  in  all  foundations,  but  par- 
ticularly those  of  stone,  where  unequal  settlement  is  more 
injurious  than  in  concrete  foundations,  that  it  is  most 
essential  to  guard  against  the  unequal  solidity  of  the 
ground  to  be  built  upon,  because  it  is  in  cases  of  this 
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kind  that  unequal  settlements  of  the  building  take  place, 
and  occasion  fractures  alike  injurious  to  the  appearance 
and  to  the  stability  of  the  structure. 

The  settlement  in  the  wing  wall  of  Gloucester  Bridge 
affords  an  instructive  example  of  the  consequences  which 
have  followed  an  unfortunate  inattention  to  this  subject. 
One  of  the  wing  walk  on  the  Gloucester  side  of  this 
bridge  is  fractured  from  its  base  to  the  top  of  the 
parapet,  where  the  opening  is  nearly  three  inches  wide. 

The  cause  of  this  settlement,  as  explained  by  Mr. 
Telford  himself,  appears  to  be  that  the  abutment  was 
founded  thirty-three  feet  below  the  ground  surface  on  a 
bed  of  strong  coarse  indurated  gravel,  while  the  wing 
walls  joining  the  abutment,  although  they  had  to  sup- 
port the  weight  of  a  heavy  embanked  approach,  were 
founded  only  ten  feet  below  the  surface  on  a  bed  of  soft 
blue  silt.  In  addition  to  this,  the  abutment  had  a  timber 
platform  placed  upon  a  pavement  of  rubble  stones  in  the 
bottom  before  the  building  was  commenced,  whereas  the 
platform  was  entirely  dispensed  with  in  the  foundation  of 
the  wing  walls.  The  consequence  of  this  imperfection 
is  that  the  alluvial  soil  has  given  way,  by  reason  of 
which  the  wing  on  one  side,  if  not  on  both  sides,  at  the 
Gloucester  end  of  the  bridge,  has  receded  from  the  abut- 
ment, and  a  very  large  and  unsightly  fissure  has  taken 
place  vertically  in  the  Une  of  junction.  Whatever  could 
have  led  to  the  unfortunate  error  which  was  here  com- 
mitted, of  admitting  so  great  an  inequality  in  firmness  of 
base  for  the  wing  wall  as  compared  with  that  for  the 
abutment,  we  are  quite  unable  to  conjecture,  and  the 
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circumstance  is  the  more  remarkable  when  we  consider 
the  known  ability  and  experience  of  the  contractor  who 
was  entrusted  with  the  work.  Mr.  Telford,  with  a 
generosity  worthy  of  his  character,  took  the  blame  upon 
himself  of  being  influenced  by  what  he  justly  terms  the 
injudicious  parsimony  of  omitting  a  platform  and  piling 
for  the  wing  walls.  It  is  probable,  however,  that  ^Cr. 
Telford  himself,  being  at  a  distance  from  the  place,  .was 
not  so  fully  acquainted  with  the  circumstances  as  he 
might  otherwise  have  been,  and  as  he  afterwards  neces- 
sarily became.  Upon  the  whole,  the  case  is  worth  record- 
ing, in  order  that  it  may  operate,  in  Mr.  Telford's  own 
words,  as  "  an  useful  caution  to  practical  engineers.!^ 

We  shall  now  relate  an  instance  where  an  extensive 
building,  consisting  of  several  arches,  was  destroyed  in 
a  way  which  at  first  sight  appears  scarcely  to  be  ac- 
counted for  on  ordinary  grounds,  but  which,  we  think, 
may  fairly  be  attributed  to  the  action  of  water.  The 
case  in  question  is  of  recent  occurrence,  and  as  the 
mention  of  the  particular  work  might  give  rise  to  hostile 
feelings  on  the  part  of  the  engineers  and  others  con- 
cerned, we  refrain  from  making  public  the  locality.  It 
will  be  sufficient  for  the  purpose  we  have  here  in  view 
to  explain  that  the  building  was  a  viaduct,  of  considerable 
magnitude,  placed  across  a  valley,  in  the  centre  of  which 
flowed  a  small  stream.  The  upper  stratum,  on  which 
the  structure  was  raised,  consisted  of  loose  earth  and 
rubbish  taken  from  the  foundations  of  old  buildings. 
The  depth  of  this  made  ground  was  about  five  feet ; 
under  this  was  a  bed  of  clay  averaging  about  six  feet  in 
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thickness,  and  under  the  clay  a  stratum  of  sand  fourteen 

feet  thick.     The  design  for  the  building  was  well  chosen, 

the  proportions  of  all  its  parts  were  unexceptionable, 

and  the  workmanship  of  the  brick- work  and  stone,  laid 

y  in  mortar  and  partly  in  cement,  was  of  the  very 

isl  description.     The  work  had  gone  on  progressively, 

llnd  in  a  way  quite  satisfactory  to   all   engaged,   until 

J  the  last  arch  was  thrown,  when  all  at  once  two 

5  other  arches  fell,  and  a  third  was  seen  to  be  in  so 

danger  that  it  had  to  be  taken  down  in  order  to 

Kvent  a  similar  fate.     All  the  piers  and  abutments  had 

0ea  founded  on  the  bed  of  clay  mentioned  above,  and 

Je  are  strongly  of  opinion  that  the  sinking  of  the  piers 

rfid  consequent  falUng  in  of  the  arches  was  occasioned 

fjr  the  action  of  the  stream  upon  the  bed  of  sand  beneath 

Be  clay.     The  stream,  it  is  true,  flowed  over  the  clay, 

▼hich  formed  its  bed,  and  was  not,  in  the  immediate 

eighbourhood  of  the  viaduct,  in  contact  with  the  sand ; 

ut  we  think  it  very  clear,  from  the  result  which  followed, 

hat  at  some  place  not  very  far  distant  the  water  had  a 

jmmunication  with  the  sand,  by  means  of  which  the 

atter  was  set  in  motion,  so  as  to  leave  an  unsound  space 

!>elow  the  stratum  of  clay.     A  very  strong  proof  that  the 

xiischief  must  be  attributed  to  some  change  wrought 

oelow  the  clay  may  be  derived  from  the  fact  that  the 

clay  on  w^hich  the  defective  piers  rested  was  only  four 

feet  six  inches  thick,  while  the  general  depth  under  the 

rest  of  the  building  was  six  feet.     Besides  this,  under 

one  of  the  piers  which  gave  way  the  clay  was  dug  out  to 

the  depth  of  one  foot  nine  inches,  and  a  bed  of  concrete 
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of  the  same  thickness  substituted  in  lieu  of  the  clay,  and 
under  another  of  the  piers,  which  also  sunk,  a  layer  of 
concrete  one  foot  in  thickness  was  laid.  Thus  the  whole 
thickness  of  clay  between  the  bed  of  sand  and  the  bottom 
of  the  one  pier  was  two  feet  nine  inches,  and  between  the 
sand  and  the  bottom  of  the  other  was  three  feet  six 
inches.  These  two  piers  gave  way,  while  the  other  piers, 
founded  on  the  undisturbed  bed  of  clay  six  feet  in  thick- 
ness, remained  firm  and  solid.  It  seems,  therefore,  that 
the  sand,  which  extended  under  the  whole  building,  being 
saturated  by  the  water,  which  probably  obtained  access 
during  a  time  of  flood,  and  which  found  an  outlet  to 
escape  when  the  flood  subsided,  was  not  able  to  support 
the  pressure  of  the  clay  when  weighted  by  the  building 
above,  and  it  followed  that  the  piers  which  were  founded 
at  the  least  depth  above  the  sand  sunk  down  with  the 
clay,  and  caused  the  arches  to  fall  as  already  described. 
On  the  other  hand,  the  piers  placed  upon  the  full  thick- 
ness of  six  feet  of  clay  stood  without  sinking ;  so  that 
here  we  may  suppose  the  mass  of  clay,  although  par- 
tially hollowed  by  the  defection  of  the  sand,  was  yet 
sufficiently  solid  to  support  the  weight  of  the  building 
without  material  settlement. 

Almost  too  obvious  to  need  comment  is  the  error 
which,  as  after-experience  established,  had  been  com- 
mitted in  the  foundations  of  this  viaduct.  It  will  occur 
to  the  most  unpractised  student  that  had  the  clay  been 
entirely  taken  out  in  the  places  where  its  depth  was  judged 
to  be  insufficient,  instead  of  attempting  to  strengthen  it  by 
concrete,  and  had  the  concrete  been  laid  directly  upon 


the  sand  and  carried  up  to  near  the  surface,  where  the 
buildmg  might  have  been  commenced,  we  should  not 
have  had  the  present  case  of  failure  to  cite  as  an  example 
for  future  works.  It  might  be  worth  while,  however,  in 
determining  on  the  foundations  of  a  viaduct  consisting  of 
a  number  of  arches  inconsiderable  in  span,  to  consider 
the  cost  of  inverted  arches  between  the  piers  as  com- 
pared with  that  of  concrete  placed  under  them.  The 
inverted  arches  should  be  eighteen  inches  thick,  ex- 
tending from  pier  to  pier  over  the  whole  base  of  the 
structure,  and  the  broad  substantial  bearing  they  afford 
will  either  entirely  prevent  settlement  or  will  render  it  so 
uniform  that  no  danger  need  be  apprehended. 

In  confining  our  attention  now  to  the  general  subject 
of  settlements,  independent  of  the  particular  nature  of  the 
foundation,  we  must  not  omit  to  notice  the  importance 
of  firm  solid  backing  for  the  walls  of  buildings  which  are 
required  to  withstand  the  pressure  of  earth.  The  wing 
walls  and  abutment  walls  of  bridges  form  an  important 
class  of  revetment  or  retaining  walls  of  this  kind,  and, 
next  to  the  actual  preparation  of  the  foundation  on 
which  they  rest,  the  backing  behind  the  walls  claims  the 
care  and  attention  of  the  engineer.  The  object  intended 
to  be  effected  in  the  backing  of  walls  is  that  of  rendering 
the  earth  pressing  upon  the  wall  uniformly  solid,  in 
order  that  no  irregular  pressure  may  be  allowed  to  act 
upon  it.  The  most  common  form  of  imperfect  and 
unsound  backing  is  that  in  which  water  is  allowed  to 
lodge  in  hollows  and  crevices  behind  the  wall,  and  thus 
to  exert  a  pressure  greatly  in  excess  of  that  wliicli  the 
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wall  is  calcidated  to  withstand,  and  greater  than  would 
ever  occur  in  the  case  of  dry  earth  behind  the  wall. 
From  this  we  are  led  to  observe  the  necessity  of  ren- 
dering the  backing  in  a  great  degree  water-tight,  in  order 
that  it  may  act  as  a  puddle-dam  to  prevent  water  firom 
reaching  the  back  of  the  wall.  In  considering  the  best 
material  to  be  used  for  this  kind  of  puddle  backings  the 
same  observations  made  in  a  former  paper  upon  clay  and 
other  substances  with  reference  to  the  puddle  for  coffer- 
dams will  equally  apply  in  the  present  instance.  The 
cracks  and  fissures  which  attend  the  drying  of  clay,  when 
much  exposed  to  the  sun  and  wind,  are  so  exceedingly 
dangerous,  as  affording  lodgement  for  water  to  press 
against  the  wall,  that  there  is  every  reason  to  expect,  at 
some  time  or  other,  fractures  and  dangerous  settlements 
in  walls  which  have  been  backed  entirely  with  clay.  It 
frequently  happens  that  the  \\ing  walls  of  bridges  which 
have  stood  for  a  long  time,  perhaps  for  many  years, 
without  showing  any  sign  of  fracture  or  decay,  suddenly 
give  way  to  pressure  from  behind,  and  in  such  cases  the 
misfortune  is  usually  attributable  to  the  use  of  clay 
backing.  Either  the  clay  will  have  cracked  so  as  to 
admit  water  throughout  the  crevices,  or  it  will  be  found 
to  have  contracted  in  bulk  and  to  have  shrunk  away 
from  the  wall,  in  each  case  leaving  it  exposed  to  the 
pressure  of  a  column  of  water  equal  or  nearly  equal  in 
height  to  that  of  the  wall  itself. 

Although  it  is,  therefore,  very  injudicious  to  adopt  a 
puddle  of  pure  clay,  yet,  if  no  other  material  can  be 
procured,  it  will  be  found  an  excellent  practice  to  dis- 
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continue  the  puddle  at  about  eighteen  inches  below  the 
top  of  the  wall,  and  to  complete  the  backing  with  a 
course  of  sand  or  fine  gravel,  which,  resting  on  the  clay, 
will  serve  to  keep  it  moist  and  prevent  it  from  cracking. 
It  is  also  necessary  in  all  heavy  walls  intended  to  with- 
stand the  pressure  of  earth,  that  small  orifices,  about  four 
inches  square,  should  be  left  at  regular  intervals  in  the 
fece  of  the  wall ;  these  should  pass  entirely  through  the 
thickness  of  the  wall,  and  be  placed  six  or  seven  feet 
apart  longitudinally,  and  about  three  feet  apart  vertically. 

A  grout  puddle,  which  is  very  commonly  used  for  the 
backing  of  lock  and  dock  walls,  is  formed  by  a  mixture 
of  gravel,  chalk,  and  a  slight  portion  of  clay  or  other 
adhesive  material,  with  just  sufficient  water  thoroughly  to 
incorporate  the  whole  mass.  Puddles  of  this  kind  are  far 
more  to  be  depended  on  than  clay  puddles,  since  they  are 
generally  more  water-tight,  and  are  never  known  to  crack. 

In  fixing  the  foundation  of  any  building  on  a  clay 
bottom,  great  care  should  be  taken  to  place  it  sufficiently 
deep  to  be  out  of  the  reach  of  frost.  This  should  par- 
ticularly be  attended  to  in  the  wing  walls  of  canal  and 
railway  bridges,  which  in  cuttings  are  usually  made  to 
step  up  the  slopes.  If  the  frost  be  allowed  to  act  on  the 
foimdations  of  these  bridges,  an  expansion  and  conse- 
quent fracture  will  take  place,  frequently  to  the  extent  of 
shattering  and  destroying  the  whole  wall. 

We  had  intended,  in  the  present  paper,  to  introduce 
some  notices  of  the  most  important  building  stones  and 
quarries  from  which  stone  is  procured  for  the  purposes 
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of  bridge  building  in  this  country,  but  this  has  been 
rendered  entirely  unnecessary  by  the  appearance  of  a 
very  valuable  Report  from  the  Conunissioners  appointed 
by  the  Treasury  to  investigate  the  best  kind  of  stone  to 
be  used  for  the  New  Houses  of  Parliament. 

This  report  is  in  every  way  worthy  of  the  talents  and 
scientific  attainments  of  the  gentlemen  who  have  pre- 
pared it,  and  probably  a  more  useful  and  valuable  body 
of  information  than  that  contained  in  the  report  itself, 
and  the  tables  which  accompany  it,  was  never  before 
placed  within  the  reach  of  the  engineer.  Some  idea  of 
the  labour  and  pains  bestowed  by  the  commissioners  in 
the  execution  of  their  arduous  yet  interesting  and  in- 
structive task  may  be  derived  from  the  fact  that  they 
have  visited  the  localities,  and  made  themselves  perfectly 
acquainted  with  the  nature  and  properties,  of  more  than 
one  hundred  different  kinds  of  building  stone  in  England 
and  Scotland.  The  information  collected  during  their 
researches  has  been  embodied  in  several  tables,  one  of 
which  describes  each  quarry  which  has  been  examined, 
and  furnishes  the  following  particulars : — The  mineral 
designation  of  the  stone ;  its  component  parts  and 
colour — weight  of  a  cubic  foot  of  stone  in  its  ordinary 
state — the  entire  de})th  of  workable  stone  in  the  quarry; 
description  of  the  beds  and  size  of  the  blocks  that  can 
be  procured. — Where  known  or  reported  to  have  been 
employed,  and  general  remarks — prices  of  block-stone 
at  tlie  quarry ;  description  and  cost  of  carriage  to  the 
pool  of  London  ;  cost  of  stone  delivered  in  London  per 
cubic  foot ;  and  cost  of  plain  rubbed  work  as  compared 
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with  that  upon  Portland  stone  in  London,  per  foot 
superficial,  Portland  being  taken  at  1  '0. 

Another  table  describes  a  vast  number  of  buildings 
which  the  commissioners  have  also  visited,  in  order  to 
inform  themselves  as  to  the  durabihty  of  the  stone  com- 
posing them. 

The  two  last  tables  contain  the  results  of  experiments 
on  the  cohesive  powers  of  a  great  variety  of  specimens, 
with  chemical  analyses  of  the  most  important  by  Pro- 
fessors Daniell  and  Wheatstone. 

These  valuable  tables,  with  the  report,  are  published  in 
the  Civil  Engineer  and  Architect's  Journal  for  September, 
October,  and  November  of  the  present  year,  a  very  able 
and  useful  publication,  to  the  editor  of  which  the  profes- 
sion of  engineers  and  architects  are  indebted  for  a  vast 
accumulation  of  practical  and  scientific  information. 

In  concluding  the  last  of  this  series  of  practical  papers, 
we  propose  to  take  a  brief  review  of  the  construction 
of  contracts  for  building  bridges,  in  so  far  as  they 
relate  to  the  engineering  of  these  works  Any  observa- 
tions we  shall  make  on  this  subject  will  apply  equally 
to  the  contracts  for  constructing  most  other  engineering 
wocks.  In  fact,  this  general  application  is  necessary, 
as  far  as  the  bridges  on  railroads  are  concerned,  because, 
in  railway  specifications,  the  bridges  are  included  in 
the  same  contract  with  many  other  works ;  and,  of 
course,  the  general  clauses  in  the  contract  deed  apply 
to  the  bridges  in  common  with  the  other  works. 

The  object  of  these  general  clauses  is,  in   the   first 
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place,  to  bind  the  contractor  to  execute  certain  works 
according  to  the  designs  and  specification  of  the  engineer. 
The  designs  are  affixed  to  the  contract  in  the  shape  of 
plans,  sections,  and  general  drawings,  explanatory  of 
the  works  to  be  constructed,  and  the  specification 
follows  the  contract  as  a  schedule,  which  is  occasionally 
referred  to  as  the  technical  instrument  for  guiding  the 
operations  of  the  contractor. 

In  the  next  place,  the  general  clauses  provide  for  any 
alteration  in  the  original  design  of  the  engineer,  and  give 
to  the  latter  an  arbitrarj'  power  of  directing  the  con- 
tractor to  make  any  alterations  which  he  (the  engineer) 
may  think  proper.  The  way  in  which  alterations, 
whether  of  increase  or  diminution  in  the  amount  of 
works,  are  to  be  estimated  is  usually  regulated  by  a 
schedule  of  prices  which  the  contractor  is  required  to 
furnish  as  a  part  of  his  tender  to  execute  the  work,  and 
this  schedule  is  also  appended  to  the  contract  deed. 

Another  series  of  clauses,  usually  introduced  into  rail- 
way  contracts,  confers  upon  the  engineer  an  absolute 
power  over  the  entire  operations  of  the  contractor,  so 
that  not  only  the  method  of  construction,  but  also  the 
times  and  seasons  for  working,  the  amount  of  labour  to 
be  employed,  the  tools  and  machiner}'  to  be  used,  are  all 
subject  to  the  approval  of  the  engineer. 

In  order  that  all  these  clauses  mav  be  enforced  for  the 
benefit  of  the  company,  (who,  as  parties  to  these  con- 
tracts, most  assuredly  take  care  to  render  their  own  the 
stronger  side,)  they  are  empowered  by  another  clause,  at 
any  time  they  shall  tliink  proper,  to  set  aside  the  con- 
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tract,  to  stop  the  contractor  in  his  work,  and  take 
possession  of  all  his  tools,  materials,  and  property  of 
every  kind  which  may  be  on  the  site  of  the  works. 
By  this  act  of  seizure  the  company  take  the  work 
into  their  own  hands,  and  they  may  proceed  to  com- 
plete the  same  entirely  independent  of  the  contractor, 
from  whom  and  from  his  sm'eties  the  company,  after 
having  executed  the  works  under  their  own  manage- 
ment, may  recover  any  excess  of  cost  which  shall  have 
been  incurred  over  and  above  the  original  contract  sum. 

We  shall  now  proceed,  in  detail,  through  the  principal 
clauses  of  a  contract  deed  for  building  a  bridge. 

Passing  over  the  preamble,  which  is  frequently  a  mere 
legal  form  and  without  interest  to  the  engineer,  the  first 
clause  sets  forth,  that  in  consideration  of  the  sum  or 
sums  of  money  thereinafter  agreed  to  be  paid,  the 
contractor,  for  himself,  his  heirs,  executors,  and  ad- 
ministrators, doth  covenant,  promise,  and  agree  that 
he  will  begin,  and  in  a  substantial,  perfect,  and  work- 
manlike manner,  and  to  the  satisfaction,  and  according 
to  the  directions,  of  the  engineer,  build,  erect,  complete, 
and  finish  the  bridge  in  the  manner  thereinafter  men- 
tioned, together  with  the  approaches  thereto,  and  all 
and  every  other  work  and  works,  according  to  the 
plans  agreed  upon  by  the  parties  to  the  contract,  and 
under  and  subject  to  the  directions,  rules,  regulations, 
explanations,  and  restrictions  mentioned  or  referred  to  in 
the  specification  contained  in  the  scliedule  thereunder 
written  or  thereunto  annexed,  with  such  alterations  (if 
any)  as  from  time  to  time  shall  be  directed  by  the  engineer. 
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The  succeeding  clauses  go  on  to  provide  that  the 
contractor  is  to  furnish,  at  his  own  cost  and  charges,  all 
the  materials  incident  to  or  necessary  for  executing  the 
works. 

Then  follows  a  clause  which  places  upon  the  con- 
tractor the  responsibility  of  the  w^hole  design,  in  case 
of  failure,  from  any  cause  whatever.  The  clause  in 
bridge  contracts  is  frequently  to  this  effect, — "  That 
the  contractor  shall  bear  all  loss,  risk,  and  responsibility 
whatsoever  attending  the  execution  of  the  works  hereby 
contracted  to  be  performed,  and  shall  and  will,  at  his 
own  expense,  forthwith,  and  without  any  delay,  make 
good  all  damages  of  every  description,  by  floods  or 
otherwise,  which  may  happen  to  the  said  works,  or 
any  part  thereof,  during  the  progress  of  the  same." 

We  would  humbly  suggest,  that  alike  for  the  credit  of 
the  engineer,  and  in  justice  to  the  contractor,  this  clause 
ought  to  be  modified  wherever  the  former  feels  that  con- 
fidence, which  we  presume  he  always  ought  to  feel,  in  his 
own  designs.  When  certain  works  are  specified,  and 
their  mode  of  execution  particularly  detailed,  and  where 
the  contractor  has  faithfully  followed  the  instructions, 
and  adhered  to  the  specification  of  the  engineer,  he 
ought  at  the  most  to  be  answerable  only  for  those  ac- 
cidents and  casualties  which  arise  from  sudden  visitations 
of  the  elements,  such  as  damage  by  hghtning,  earth- 
quakes, or  floods. 

The  contractor's  tender  may  be  made  sufficient  in 
amount  to  cover  all  probable  risk  from  accidents  of  this 
kind ;   but   it  is  a  more  difficult  affair  to  estimate  the 
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chance  of  failure  from  a  new  or  partially  untried  design ; 
and  if  the  engineer,  who  is  himself  the  author  of  the 
design,  should  shrink  from  the  responsibility  of  con- 
structing it,  with  how  much  greater  reason  may  the  con- 
tractor plead  the  hardship  of  a  position  which  renders 
him  liable  to  such  serious  risk ! 

The  next  clause  specifies  the  time  by  which  the  work 
is  to  be  completed,  and  occasionally  imposes  a  penalty, 
to  be  paid  by  the  contractor,  for  each  week  that  the 
actual  time  of  execution  shall  exceed  the  time  specified. 
The  contractor  is  also  very  frequently  bound  to  keep 
the  bridge  in  repair  for  one,  two,  or  three  years  after 
completion,  in  order  that,  in  case  of  any  failure  from 
imperfect  construction,  the  expense  of  restoration  may 
be  borne  by  him,  as  provided  in  a  former  clause.  The 
contract  sum  is  then  set  forth,  and  the  times  and  mode 
of  payment  are  either  mentioned  in  this  place  or  at  the 
end  of  the  contract. 

The  next  clause  relates  to  alterations  in  the  original 
design,  and  is  more  or  less  severe  upon  the  contractor 
in  diiferent  contracts.  One  of  the  strictest  forms  we 
have  seen,  as  giving  to  the  engineer  entire  and  absolute 
power  with  respect  to  alterations  and  payment  to  the 
contractor,  provides,  '*  That,  in  case  at  any  time  or 
times,  during  the  progress  of  the  works,  the  engineer 
shall  think  proper  to  cause  any  alteration  in,  or  varia- 
tion from,  the  original  plans  and  specifications  to  be 
made,  either  by  increasing  the  said  works,  or  the  scale 
or  magnitude  thereof,  or  omitting  some  part  thereof,  or 
diminishing  the  said  works,  or  the  scale  or  magnitude 
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thereof,  or  altering  the  quality  of  any  part  of  the 
works,  or  the  materials  to  be  used  therein,  or  otherwise 
howsoever,  the  contractor  shall  and  will  execute,  per- 
form, and  complete  the  said  works  according  to  every 
or  any  such  alteration  or  variation  in  the  manner,  and 
within  the  time  in  which  the  said  works  ought  to  be 
completed,  according  to  the  true  intent  and  meaning  of 
these  presents,  and  no  such  alteration  or  variation  shall 
vacate  or  lessen  the  validity  of  any  of  the  covenants 
or  agreements  herein  contained,  but  such  sum  of  money 
sliall  be  added  to  or  deducted  from  the  contract  sum 
as  the  engineer  shall  estimate  to  be  the  value  of  such 
alteration  or  variation." 

The  contractor  by  this  clause  is  evidently  placed  at 
the  mercy  of  the  engineer,  with  whom  it  is  entirely 
optional  whether  any  and  what  allowance  shall  be  made 
for  w^hat  are  usually  termed  extra  works,  and  for  every 
other  kind  of  alteration  which  the  engineer  may  choose 
to  make.  The  form  of  the  above  clause  is  usually  varied 
in  railway  contracts  so  as  to  make  the  schedule  of  prices 
the  standard  by  which  alterations  or  variations  are  to  be 
valued ;  but  in  many  of  these  contracts  it  rests  with  the 
engineer  to  determine  whether  any  allowance  at  all  is  to 
be  made  to  the  contractor,  or  whether  in  lieu  thereof  a 
deduction  is  to  be  made  from  the  contract  sum.  Under 
either  form  of  clause  the  power  of  the  engineer  is 
absolute ;  and  we  apprehend,  whatever  may  be  the  in- 
tegrity and  general  moral  excellence  of  the  man  pos- 
sessing such  a  power,  it  is  too  great  for  him  to  exercise 
without  the  danger  of  partiality.     We  have  no  intention 
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of  dwelling  at  length  upon  this  particular  subject ;  but 
lel^  any  unprejudiced  mind  consider  on  the  one  hand  the 
engineer  pledged  to  execute  his  work  for  an  insufficient 
estimate,  with  the  interest  of  his  own  employers  to 
consult,  his  own  credit  at  stake  in  many  different  ways, 
and  on  the  other  hand  no  possible,  or  at  least  no  os- 
tensible, object  for  favouring  the  contractor,  and  judge  to 
what  side  his  opinion  will  incline.  Let  the  contractor  in 
such  a  case  value  his  chance  at  what  he  pleases,  he  will 
over  estimate  it ;  the  final  issue  will  probably  be  that  he 
must  content  himself  with  having  bought  experience  at  a 
price  which  he  can  probably  afford  to  pay  only  once  in 
his  life. 

In  the  specification  which  follows  the  account  of 
Hutcheson  Bridge  in  another  part  of  this  work  will  be 
found  the  fairer  and  more  reasonable  stipulation  with 
regard  to  extra  works,  which  entitles  the  contractor  to 
be  paid  for  these  upon  the  certificate  of  the  engineer, 
according  to  the  schedule  of  prices. 

The  next  clause  empowers  the  engineer  to  reject  any 
materials  brought  upon  the  site  of  the  works,  and  the 
contractor  is  bound  to  remove  such  rejected  materials,  or 
pay  for  the  expense  of  removal  by  workmen  to  be  em- 
ployed by  the  engineer. 

In  a  succeeding  clause  the  engineer  is  further  em- 
powered, in  case  he  should  disapprove  of  the  workman- 
ship, materials,  or  execution  of  any  part  of  the  works,  to 
order  the  contractor  immediately  to  take  down  and  re- 
execute  or  alter  the  disapproved  part  or  parts  to  liis  (the 
engineer's)  satisfaction.   And  should  the  contractor  refuse 


94  FOUNDATIONS 

or  neglect  to  comply  with  this  order  withia  the  space  of 
one  week,  the  engineer  may  employ  workmen  to  t^e 
down,  alter,  amend,  or  rectify  such  disapproved  parts  of 
the  work.  The  cost  of  employing  these  other  workmen, 
and  defrapng  their  bills  for  labour  and  materials,  to  be 
deducted  out  of  the  balance  then  due  to  the  contractor ; 
and  should  this  balance  be  insufficient,  the  contractor  or 
his  sureties  must  make  good  the  deficiency. 

The  clause  by  virtue  of  which  the  company  may 
invahdate  the  contract  and  take  the  work  into  their  own 
hands  is  variously  modified  in  different  deeds.  As  this 
clause  is  ver>^  important,  we  shaU  give  the  form  of  it 
in  full. 

"  In  case  the  contractor  shall  refuse  or  neglect  to 
perform  the  (aforesaid)  works,  or  any  of  them,  in  manner 
hereinbefore  in  the  said  specification  mentioned,  or  to 
obey  and  comply  with  any  orders  or  directions  to  be 
given  by  the  engineer,  or  in  case  at  any  time  during  the 
progress  of  the  works  there  shall  appear  to  the  engineer 
to  be  anv  unnecessar^'  delay  in  the  earning  on  of  the 
works,  or  any  part  thereof,  eitlier  by  not  employing  a 
sufficient  number  of  workmen,  or  otherwise  howsoever, 
or  in  case  any  of  the  works  shall  not  be  pertbrmed  to 
the  satisfaction  of  the  engineer,  or  shall  not  be  finished 
within  the  time  hereinbefore  mentioned  for  completing 
the  same,  then,  and  in  such  case,  it  shall  be  lawful  for 
the  company  to  revoke  and  make  void  this  present 
contract,  and  ever}-  clause,  matter,  or  thing  herein  con- 
tained, so  far  as  the  same  relates  to  the  part  of  the  said 
works  which  shall  not  have  been  perlbrmed,  and   the 
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contractor  shall  be  entitled  only  to  such  part  of  the  said 
sum  or  sums  of  money  hereinafter  agreed  to  be  paid  as 
shall  be  estimated  by  the  engineer  to  be  the  value  of  the 
part  of  the  works  which  shall  have  been  performed." 

This  clause,  in  the  case  of  railway  contracts,  is  ren- 
dered more  severe  upon  the  contractor,  inasmuch  as 
"  the  company,  if  they  shall  thmk  fit  so  to  do,  may  seize 
and  take  possession  of  the  works,  and  of  all  or  any  part 
of  the  materials,  engines,  machinery,  implements,  and 
utensils  provided  by  the  contractor  for  the  execution 
thereof,  and  may  employ  any  other  person  or  persons, 
either  by  contract,  or  measure  and  value,  or  otherwise, 
or  by  themselves,  their  engineers,  servants,  agents,  work- 
men, and  others,  may  proceed  with  and  complete  the  said 
works  according  to  the  terms  of  the  specifications,  and 
the  true  intent  and  meaning  of  these  presents,  &c." 

The  contractor  is  frequently  prohibited  from  making 
sub-contracts,  or  from  under  or  sub-letting  any  part  of 
the  works  without  the  consent  of  the  engineer ;  but  of 
course  this  particular  prohibition  is  quite  unnecessary 
wherever  the  engineer  is  armed  with  the  arbitrary 
powers  conferred  by  preceding  clauses,  and  where  the 
company  may  invaUdate  the  contract  whenever  the  work 
is  not  proceeding  to  their  satisfaction. 

As  it  is  far  from  unlikely  that  disputes  may  arise 
relative  to  the  meaning  or  interpretation  of  the  dra\\ings 
and  specification,  the  engineer  is  appointed  in  case  of  any 
misunderstanding  to  construe,  interpret,  and  explain ; 
and  again,  in  case  of  discrepancy  or  disagreement  be- 
tween the  drawings  and  specification,  the  engineer's  de- 
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cuiiou  as  to  which  of  these  shall  be  followed  is  made 
buKlui^  on  the  contractor. 

In  railway  contracts  there  are  usually  some  clauses 
i>f  minor  importance,  such  as  that  which  obliges  the 
von  tractor  to  make  accurate  returns  to  the  engineer  of 
the  number  of  workmen  of  all  kinds  employed  on  the 
work  from  week  to  week.  In  addition,  also,  there  is 
one  which  vests  in  the  company,  during  the  progress  of 
the  work,  all  the  property  of  the  contractor  which  shall 
bo  brought  upon  the  site  of  the  works  for  the  purpose 
of  being  used  therein,  and  the  contractor  is  prohibited 
from  removing  any  part  of  such  property  except  under 
the  sanction  of  the  engineer  or  that  of  the  company. 

The  contract  concludes  with  the  covenant,  on  the  part 
of  the  company,  that  they  will  pay  to  the  contractor  the 
sum  for  which  the  works  are  to  be  performed  at  such 
times,  and  in  such  proportions,  as  are  therein  set  forth. 

Such  is  the  usual  form  of  contracts  for  building 
bridges  in  this  country;  and  subject  to  stipulations 
differing  slightly,  or  not  at  all,  from  those  recited 
above,  many  of  our  largest  works  have  been  executed. 
Tlie  construction  of  the  deed  being  commonly  managed 
by  gentlemen  of  the  law,  it  is  usual  to  find  the  subject 
matter  very  much  amplified,  and  of  course  a  great  many 
unnecessary  words  and  phrases  are  employed ;  but  the 
preceding  extracts  and  outlines  of  clauses  may  be  taken 
as  the  real  substance  of  the  most  complete  contract  deeds 
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HUTCHESON  BRIDGE  OVER  THE  CLYDE 

AT  GLASGOW. 

BY  LAURENCE  HILL,  Esq.,  L.L.B., 

CHAMBERLAIN    OF    HUTCHESON's    HOSPITAL. 

Most  of  our  readers  are  aware  that  among  the  rivers 
of  Scbtland  the  Clyde  ranks  next  in  importance  to  the 
Tay,  which  discharges  more  water  than  any  other  British 
river,  and  that  Glasgow,  to  which  the  Clyde  gives  such 
great  commercial  importance,  stands  highest  in  the  scale 
of  population  among  the  cities  of  Scotland. 

Prior  to  the  year  1772,  when  the  Broomielaw  Bridge 
was  opened,  the  thoroughfare  across  the  river  at  Glas- 
gow was  confined  to  the  narrow  bridge  opposite  Stock- 
well  Street,  built  by  William  Rae,  bishop  of  Glasgow, 
in  1345,  which,  after  the  Reformation,  became  the 
property  of  the  corporation  of  that  city.*  This,  like 
almost  all  ancient  bridges,  was  incommodiously  narrow, 

^  The  name  of  the  old  bridge/  and  by  which  in  some  forgetfulnesi  of 
the  circumstances  the  trustees  have  recently  designated  the  new  brioge 
at  Jamaica  Street,  is  "  The  Bridge  of  Glasgow ; "  the  first  Act  of 
Parliament,  32  Geo.  II.,  for  building  the  new  bridge,  expressly 
narrating  the  circumstance  of  the  Stockwell  Bridge  being  so  called. 
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and  its  roadway  steep.  It  has,  however,  undergone 
several  alterations  by  which  its  breadth  has  been  ex- 
tended and  its  approaches  greatly  improved.  From  the 
imperfect  state  of  the  navigation  between  Greenock  and 
Glasgow,  and  the  rising  importance  of  P^dsley,  the 
traffic  between  these  places  along  the  old  bridge  became 
so  very  inconvenient  that  the  new  bridge  at  the  Broomie- 
law  was  found  indispensable.  But  this  bridge  has  in 
its  turn  become  too  narrow  for  its  traffic,  and  has  been 
removed  and  rebuilt  in  a  much  more  spacious  and 
elegant  style.  Between  these  two  stone  bridges  a  timber 
bridge  was  erected  in  the  year  1831,  agreeably  to  plans 
by  Mr.  Stevenson,  engineer  for  Hutcheson  Bridge,  in  a 
style  accommodated  to  the  flat  nature  of  the  banki,  and 
with  a  level  roadway.  Higher  up  the  river  we  have 
the  recent  erection  called  the  "  Hutcheson  Bridge," 
situated  immediately  above  the  Court  Houses,  forming 
a  direct  entree  to  the  city  from  Ayrshire. 

Hutcheson  Bridge  is  so  called  fix)m  two  brothers, 
George  and  Thomas  Hutcheson,  of  Lambhill,  the  elder 
of  whom  died  in  1640,  and  the  younger  in  1641,  leaving 
large  sums  to  endow^  an  Hospital  for  the  reUef  of  the 
aged  and  infirm,  and  also  for  the  education  of  youth. 
The  magistrates  and  clerg\'  of  Glasgow  were  appointed 
trustees,  and  instructed  by  the  donors  to  lay  out  the 
money  "  upon  tlie  best  and  cheapest  arable  lands  that 
can  be  got  near  this  burgh."  In  pursuance  of  this 
mandate  the  trustees  purchased  the  half  of  the  barony 
of  Gorbals,  which  is  now,  perhaps,  among  the  most 
important  appendages  of  the  city  of  Glasgow. 
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The  feuars  of  Hutcheson-town  were  bound  by  their 
titles  to  pay  an  additional  feu  or  ground-rent  upon  the 
erection  of  a  bridge  over  the  Clyde  leading  immediately 
into  their  lands,  and  the  trustees  for  the  Hospital,  along 
with  others,  entered  into  contract  with  a  Mr.  Roberton 
to  build  the  proposed  bridge,  to  consist  of  five  arches, 
for  the  sum  of  £6,000 ;  the  extreme  length  was  to  be 
400  feet,  and  its  width  within  the  parapets  26  feet. 
The  specification  of  the  work,  however,  was  unfortu- 
nately defective,  and  wanted  solidity  proportioned  to 
the  force  of  the  current  and  depth  of  foundation  suited 
to  the  soft  nature  of  the  bottom.  The  work,  however, 
went  on,  and  all  the  arches  were  turned,  and  the 
retaining  walls  nearly  finished,  when,  on  the  18th 
November,  1795,  in  one  of  those  floods  to  which  the 
Clyde  is  incident,  the  fabric  was  unfortunately  swept 
away.  Mr.  Stevenson,  the  engineer  of  the  present 
bridge,  was  at  this  time  in  Glasgow,  and  when  the 
alarm  was  given  he  instantly  repaired  to  the  spot,  where 
the  river  presented  a  sad  scene  of  ruin.  The  arches 
had  burst  upwards  with  so  much  force  that  the  key- 
stones were  thrown  to  a  considerable  height  above  the 
arches.  The  northmost  arch  was  carried  away  at  about 
two  o'clock  in  the  afternoon,  and  before  sunset  the 
whole  were  gone,  and  the  bed  of  the  river  immediately 
below  the  site  of  the  bridge,  and  where  the  medium 
summer  level,  at  low  water,  is  only  18  inches,  was  then 
scooped  out  to  a  great  depth,  in  some  places  even  to 
28  feet. 

In  a  work  treating  of  bridges,  details   of  this   kind 
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become  interesting  as  matters  of  history,  and  profession- 
ally valuable  to  the  engineer.  A  question  imniediatel)' 
arose  between  the  contracting  parties  as  to  wlio  were 
to  be  the  losei-s  in  the  business.  The  contractor  had 
lost  the  labour  of  at  least  two  years,  and  tlie  trustees 
had  by  tliis  time  advanced  the  sum  of  £4,000  on 
account  of  the  works.  It  was  alleged,  on  the  part  of 
the  contractor,  that  the  magistrates,  as  trustees,  had 
refused  or  delayed  the  erection  of  a  retaining  wall, 
connected  with  the  abutment  of  the  bridge  on  the  city 
aide,  and  the  stability  of  the  bridge  was  said  to  have 
been  endangered  by  a  large  quantity  of  rubbish,  im- 
properly deposited  at  the  northern  abutment.  The 
question  as  to  the  cause  of  the  damage  was  at  length 
submitted  to  the  late  eminent  Mr.  Rennie,  engineer, 
and  the  late  Mr.  Wilson,  architect,  who  reported  on 
the  subject,  and  the  contractor  was  ultimately  relieved 
from  his  obUgations  on  reftinding  the  sums  which  had 
been  advanced  him,  without  interest. 

After  this  accident  nothing  further  was  done  towards 
the  erection  of  Hutcheson  Bridge  for  about  twenty-three 
years.  But  the  increasing  inconvenience  to  the  lands  of 
Hutcheson  Hospital,  and  the  public  generally,  having 
been  brought  under  the  notice  of  the  trustees  for  the 
Hospital,  the  proposal  of  a  new  bridge  was  warmly 
espoused  by  Robert  Dalgleish,  Esq.,  as  Preceptor  or 
President  of  the  Hospital,  and  the  Very  Rev.  Principal 
Madarlan,  of  the  College,  one  of  the  committee,  who 
always  took  a  lively  interest  in  the  recompletion  of 
the  meausre.     It  was  eiccordingly  finally  resolved  on  in 
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the  year  1828,  a  new  Act  of  Parliament  being  expressly 
obtained  for  this  purpose,  and  also  for  opening  a  new 
road  or  street  in  connexion  with  the  bridge,  through 
the  Hospital*s  estate,  to  the  great  turnpike  road  be-^ 
tween  Glasgow  and  Ayrshire.  Although  the  detailed 
specification  of  this  bridge  is  given  in  this  work,  yet, 
viewing  Hutcheson  Bridge  as  one  of  the  most  con- 
siderable of  Scottish  bridge-works,  a  descriptive  account 
of  it  is  here  given,  for  the  use  of  those  who  inay  not 
have  occasion  to  look  into  these  technicalities.  The 
design  of  this  bridge  was  made  by  Robert  Stevenson^ 
Esq.,  of  Edinburgh,  and  the  works  were  contracted  for 
and  executed  by  Mr.  John  Steedman,  now  local  engineer 
for  the  county  of  Donegal.  As  a  piece  of  masonry, 
Hutcheson  Bridge  stands  unrivalled;  and  in  an  engi- 
neering point  of  view  it  may  be  regarded  as  remarkable 
from  the  difficulties  which  attended  the  arduous  works 
for  estabUshing  the  foundations  of  the  piers  and  abut- 
ments of  the  bridge. 

This  bridge  consists  of  five  arches,  which  are  segments 
of  a  circle  whose  radius  is  65  feet.  Two  of  the  arches 
are  65  feet,  two  74  feet  6  inches,  and  the  middle  arch 
79  feet,  in  the  span ;  with  versed  sines  of  8  feet  8  inches, 
11  feet  9  inches,  and  13  feet  4  inches,  respectively. 
This  rise  is  proportionally  less  than  perhaps  that  of  any 
other  arches  of  the  same  extent  and  figure  in  the  king- 
dom. By  this  means,  although  the  banks  of  the  river 
are  low,  approaches  are  obtained  on  either  side  with 
very  little  embanking  or  damage  to  the  adjoining  streets, 
and  a  line  of  draught  is  obtained  at  the  easy  rate  of  one  in. 
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thirty.  Although,  for  our  part,  we  are  inclined  to  think 
the  beauty  and  strength  which  thifi  bridge  posseaises 
would  make  its  own  features  and  proportions  better 
shown  without  the  foreign  aid  of  any  ornament  at  all, 
yet  the  elevation,  as  wiD  be  seen  from  Plate  No.  27,  is 
adorned  with  columns  and  niches,  the  columns  resting 
on  the  piers  and  supporting  an  appropriate  entablature 
which  runs  over  the  arches  throughout  the  whole  length 
of  the  bridge.  The  niches  were  designed  to  contain 
statues  of  the  benevolent  founders  of  the  Hospital  on  the 
one  side,  and  figures  emblematical  of  the  objects  of  the 
charity  on  the  other.  The  columns  are  so  arranged  as 
to  be  capable  of  supporting  footpaths,  should  it  be  found 
advisable  to  widen  this  bridge,  as  has  been  the  case  with 
those  farther  down  the  river.  The  carriage-way  is  mac- 
adamized, and  the  footpaths,  on  either  side,  are  laid  with 
Caithness  pavement,  which,  besides  being  remarkable  for 
cleanliness,  is  exceedingly  durable. 

The  ceremonial  of  laying  the  foundation  stone  was 
performed  by  Robert  Dalgleish,  Esq.,  the  Lord  Provost 
of  Glasgow  and  Preceptor  of  the  Hospital,  on  the  9th 
day  of  October,  1829,  and  the  works  were  completed 
in  1833.  The  contractor  had  unfortunately  not  only  a 
succession  of  bad  seasons  to  contend  with  while  this 
work  was  in  progress,  which  kept  the  river  much  in 
flood,  but  when  the  ground  was  opened  for  the  founda- 
tions of  the  abutments  and  piers  it  turned  out  to  be 
extremely  untoward.  When  the  foundation  pit  of  the 
northern  abutment  had  been  excavated  to  the  specified 
depth,   its   appearance   was    so    unfavourable   that  the 
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trustees,  in  some  alarm,  sent  for  the  engineer,  to  con- 
sider whether  the  excavations  for  the  foundations  were 
really  practicable  to  the  specified  depth.  The  appearance 
of  the  bottom  of  the  excavated  part  was  no  doubt  most 
forbidding,  the  whole  being  in  a  state  of  motion,  with 
perhaps  a  hundred  springs  of  water  boiling  up.  The 
soil  in  fact  was  what  is  called  running  sand,  mixed  with 
minute  portions  of  silt.  It  was  therefore  found  necessary 
to  enkurge  the  fdatfonn  for  the  foundation  course  of  that 
sdbutment,  to  increase  the  ntimber  of  bearing  piles,  and 
to  drive  the  outer  row  of  them  close,  like  sheeting 
piles.  It  was  at  the  same  time  determined  not  to  draw 
the  inner  row  of  the  sheeting  piles  of  the  cofier-dam, 
but  to  drive  them  home,  as  an  additional  security  to  the 
foundation.  On  the  engineer's  reporting  the  propriety 
of  these  extra  and  precautionary  works,  they  were  at 
once  acceded  to  and  ordered  by  the  trustees. 

Great  difficulty  was  foimd  in  keeping  under  the 
springs  of  water  wliich  boiled  up  over  all  the  foundation 
with  great  force,  and  also  in  the  close  driving  of  the 
extra  piles,  which  often  recoiled  to  the  stroke  of  the 
piling  machine.  The  foujidations  of  the  former  bridge 
were  likewise  found  very  troublesome  to  remove.  The 
piles,  as  will  be  seen  from  the  annexed  specification  of 
the  bridge- works,  were  9  inches  square  and  18  feet 
long,  driven  to  the  depth  of  9  feet  under  the  level  of 
the  simimer  water  mark ;  at  which  level  the  platforms 
were  laid.  The  ground  was  found  to  be  of  much  the 
same  nature  all  the  way  across  the  river,  though  it 
rather  improved  toward  the  southern  side.      But   here 
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also  work  of  considerable  expense  was  required,  for  the 
safety  of  the  lofty  houses  of  the  contiguous  street.  It 
became  necessary  to  drive  a  row  of  piles  landward  of 
the  southern  abutment  of  the  bridge,  as  a  circumval- 
lation,  as  shown  in  Plate  29. 

The  best  materials  which  the  sandstone  quarries  in 
the  neighbourhood  of  Glasgow  could  produce  were  se- 
lected by  Mr.  Laidlaw,  the  resident  inspector,  which 
were  afterwards  carefully  dressed  and  built  under  his 
superintendence.  The  mortar  was  prepared  in  like 
manner  from  the  water-Umestone  quarry  of  Arden  in 
Renfrewshire,  and  from  Aberthaw  in  Wales. 

Hutcheson  Bridge,  on  the  whole,  is  beUeved  to  contain 
the  best  collection  and  the  largest  sized  materials  of  any 
of  our  pubUc  works  of  similar  extent.  This  bridge,  being 
first  in  order,  has  the  burst  of  the  floods  and  ice  to  bear 
and  regulate  for  the  City  Bridge  below ;  and  from  the 
circumstances  attending  the  former  bridge,  with  the  en- 
gineer's knowledge  of  the  nature  of  the  river,  he  did 
well  to  provide  for  a  massiveness  and  strength  of  speci- 
fication, as  indispensable  to  the  permanency  of  struc- 
tures similarly  situated.  The  engineer  of  the  splendid 
bridge  at  Bourdeaux,  which  Mr.  Stevenson  had  ceirefiilly 
considered  while  it  was  in  progress,  and  which  presents 
various  points  of  similarity,  has  constructed  a  great 
extent  of  additional  masonry,  forming  two  archways 
within  the  walls  of  the  bridge  itself,  chiefly  for  attain- 
ing the  same  object. 

Independently  of  the  expense  of  the  Act  of  Parliament, 
engineering  charges,  and  other  contingencies,  the  contract 
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price  and  extra  works  of  Hutcheson  Bridge  amounted  to 
upwards  of  £23,000.  And  though  the  contractor  did 
not  find  this  a  work  of  profit,  yet  with  his  perseverance 
and  unflinching  steadiness,  in  spite  of  many  harassing 
difficulties,  he  succeeded  in  completing  one  of  the  hest 
pieces  of  bridge  masonry  that  has  been  executed  in  the 
kingdom. 


SPECIFICATION 

OP 

HUTCHESON  BRIDGE  OVER  THE  RIVER  CLYDE 

AT  GLASGOW. 

BY  ROBERT  STEVENSON,  OP  EDINBURGH, 

CIVIL   ENGINEER. 

Edinburgh,  April,  1828. 

HuTCHESON  Bridge  is  to  be  built  across  the  River 
Clyde  at  Glasgow,  in  a  line  with  Crown  Street  and  the 
front  of  the  Court  House,  agreeably  to  a  design  made  by 
Robert  Stevenson,  Civil  Engineer,  Edinburgh,  who, 
previously  to  the  commencement  of  the  work,  will  more 
precisely  determine  and  point  out  the  site  and  line  of 
direction  of  the  bridge,  which  is  to  be  executed  and 
completed  as  hereinafter  described  in  this  specification, 
and  represented  in  the  accompanying  drawings,  signed 
by  him  as  relative  hereto. 

EXTENT. 

The  bridge  is  to  consist  of  5  arches,  having  an  ag- 
gregate water-way  of  358  feet ;  and  including  the  4  piers, 
the  whole  extent  from  the  front  of  the  abutment  at  the 
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impost  course  on  the  southern  side  of  the  river  to  the 
firont  of  the  abutment  on  the  northern  side  is  to  measure 
404  feet,  independently  of  the  abutments  and  landward 
Wing  walls  on  either  side.  The  breadth  of  the  bridge 
over  the  soflSt  of  the  arches  is  to  be  38  feet.  The 
elevation  and  works  on  the  one  side  of  the  bridge  are  to 
be  equal  and  similar,  in  all  respects,  to  the  elevation  and 
works  on  the  other  side. 

SUMMER   WATER    LEVEL. 

The  surface  of  the  River  Clyde  being  subject  to  con- 
siderable variation  of  level,  from  the  joint  effects  of 
tidal  water  and  land  floods,  its  summer  water  level, 
when  unaffected  by  the  tide,  is  hereby  fixed  at  18^ 
feet  below  the  arrow  point  cut  upon  the  Court  House 
near  the  south-eastern  angle  of  that  building,  to  denote 
the  height  of  the  water  of  the  Clyde  during  the  great 
speat  in  the  year  1782,  which  mark  is  to  be  referred  to 
in  regulating  the  specified  depth  of  the  foundations  and 
other  dimensions  of  the  bridge. 

COFFER-DAMS. 

It  having  been  ascertained,  by  boring  and  mining,  that 
the  subsoils  of  the  bed  of  the  river  consist  of  gravel, 
sand,  suid  mud,  to  the  depth  of  27  feet  and  upwards,  it 
becomes  necessary  to  prepare  foundations  of  pile-work 
for  the  bridge;  and  therefore,  to  ensure  the  proper 
and  safe  execution  of  the  works,  coffer-dams  are  to  be 
constructed  round  each  of  the  foundation  pits  of  the 
two  abutments  and  four  piers,  of  such  dimensions  as  to 
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afford  ample  space  for  driving  piles,  fixing  wale-pieces', 
laying  platforms,  pumping  water,  and  setting  the  ma- 
sonry; and  likewise  for  the  construction  of  an  inner 
or  double  coffer-dam,  should  this  ultimately  be  found 
necessary. 

The  frame- work  of  the  coffer-dams  is  to  consist  of  not 
less  than  two  rows  of  standard  or  guage  and  sheeting 
piles,  kept  at  not  less  than  3  feet  apart  for  the  thickness 
of  a  puddle  wall  or  dyke,  which  space  is  to  be  dredged 
to  a  depth  of  not  less  than  9  feet  under  the  level  of  the 
summer  water  mark  above  described,  before  the  sheeting 
piles  are  driven.  The  guage  or  standard  piles  are  to 
measure  not  less  than  24  feet  in  length  and  10  inches 
square  ;  they  are  to  be  placed  3  yards  apart,  and  driven 
perpendicularly  into  the  bed  of  the  river  to  the  depth  of 
1 6  feet  under  the  level  of  summer  water  mark,  thereby 
leaving  8  feet  of  their  length  above  that  mark. 

Runners  or  wale-pieces  of  timber,  9  inches  square, 
are  then  to  be  fitted  on  both  sides  of  each  row  of 
the  guage  piles,  to  which  they  are  to  be  fixed  with  two 
screw  bolts,  of  not  less  than  one  inch  in  diameter,  pass- 
ing through  each  of  the  guage  piles.  One  set  of  these 
inside  and  outside  wale-pieces  is  to  be  placed  at  or 
below  the  level  of  summer  water  mark,  and  the  other 
set  within  one  foot  of  the  top  of  each  row  of  said 
piles ;  the  whole  to  be  fixed  with  screw  bolts  in  the 
manner  above  described.  The  wale-pieces  are  to  be  4^ 
inches  apart,  in  order  to  receive  and  guide  the  sheeting 
piles.     This  is  to  be  effected  by  notching  the  wale-pieces 
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'  The  sheeting  piles  are  to  be  21  feet  in  length,  4^ 
inches  in  thickness,  and  not  exceeding  9  inches  in 
breadth.  They  are  to  be  closely  driven,  edge  to  edge, 
along  the  space  left  between  the  walings,  and  each 
compartment  of  the  sheeting  between  the  guage  piles 
is  to  be  tightened  with  a  key-pile. 

The  coffer-dam  frames  are  to  be  properly  connected 
with  stretchers  and  braces  before  commencing  the  in- 
terior excavation.  Each  coffer-dam  is  to  be  provided 
with  a  draw-sluice,  14  inches  square  in  the  void,  with  a 
corresponding  conduit  passing  through  the  puddle  dyke 
at  the  level  of  summer  water  mark.  To  render  the 
coffer-dams  water-tight,  the  whole  excavated  space  be- 
tween the  two  rows  of  piling  is  to  be  carefully  cleared 
of  gravel,  sand,  or  other  matters,  to  the  specified  depth, 
and  clay,  weU  punned  or  puddled,  is  then  to  be  filled  in 
and  carried  up  to  the  level  of  the  top  of  the  sheeting 
piles.  But  if  it  shall,  notwithstanding,  be  found  that 
the  single  tiers  of  coffer-dam  do  not  keep  the  foun- 
dation pits  suflSciently  free  of  water  for  building  ope- 
rations, the  water  must  either  be  pumped  out  and  kept 
perfectly  imder  by  steam  or  other  power,  or  else  ex- 
eluded  by  the  construction  of  a  second  tier  of  coffer-dam, 
similar  in  construction  to  the  first. 

For  the  foundation  pits  of  the  two  abutment  piers  on 
either  side  of  the  river  it  is  not  expected  that  more  will 
be  required  on  the  landward  side  for  keeping  up  the 
stuff  than  a  single  row  of  guage  and  sheeting  piles  ;  but 
if  the  engineer  shall  find  other  works  necessary,  upon 
opening  the  ground,  they  must  be  executed  by  the  con- 
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tractor,  and  shall  be  paid  for  agreeably  to  the  cootiBct 
schedule  of  prices  for  the  regolation  of  extra  and  diort 
works. 

PILE-WORK    OF    FOUNDATIONS. 

The  stuff  within  the  coffer-dams  is  to  be  excavated 
to  the  depth  of  10  feet  under  the  level  of  siunmer  water 
mark  for  each  of  the  piers,  and  8  feet  for  each  of  the 
abutments.  Bearing  piles  are  then  to  be  driven  in 
straight  rows,  longitudinally,  over  the  whole  extent  of 
the  space  to  be  occupied  by  the  foundaticm  course  of 
each  of  the  piers,  and  also  of  each  of  the  abutments, 
with  their  wing  walls.  These  bearing  piles  are  to  be  of 
beech  or  Memel  timber,  of  straight  growth,  measuring  18 
feet  in  length,  and  not*  less  than  9  inches  square.  They 
are  to  be  hooped  at  the  top  and  shod  at  the  bottom  with 
iron,  of  dimensions  to  be  approved  of  by  the  engineer 
(after  the  ground  has  been  opened) ,  and  driven  their  entire 
length  into  the  groimd,  or  as  far  as  they  can  be  driven 
by  means  of  a  cast-iron  ram,  weighing  not  less  than  5 
cwt.,  falling  through  a  space  of  30  feet,  until  they  do  not 
sink  more  than  one  inch  upon  a  tally  of  10  strokes,  or 
such  other  proof  as  may  be  satisfactory  to  the  engineer. 
These  piles  are  to  be  pitched  at  distances  not  greater 
than  2  feet  9  inches  apart.  The  site  of  each  abutment, 
with  its  wing  walls,  is  to  contain  not  fewer  than  128 
bearing  piles,  and  of  each  pier,  not  fewer  than  84.  But 
in  the  event  of  the  ground  proving  softer  when  opened 
than  is  anticipated,  it  may  be  found  necessary  to  drive 
extra  piles,  so  that  the  outer  row  may  be  driven  close, 
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after  the  manner  of  sheeting  piles  ;  and  also  to  increase 
the  number  of  interior  bearing  piles  according  to  circum- 

^^  ft 

stances.  Such  extra  piling  is  to  be  paid  for  agreeably 
to  the  contract  schedule  of  prices  for  the  regulation 
g{  extra  and  short  works. 

WALE-PIECES. 

After  the  bearing  piles  have  been  driven  to  the  spe- 
cified depth  and  number  required,  their  tops  are  to  be 
brought  to  one  level,  and  the  stuff  being  removed  from 
between  the  pile  heads  to  the  depth  of  1  foot  6  inches,  a 
runner  or  wale-piece  of  beech  timber,  12  inches  in  depth 
and  6  inches  in  thickness,  is  to  be  fixed  at  the  top  of 
the  outward  row  of  bearing  piles  all  round  the  site  of  the 
foimdations,  with  two  screw  bolts  of  one  inch  in  dia- 
meter passing  through  the  wale-pieces  and  the  heads  of 
each  of  the  bearing  piles  in  the  exterior  row,  or,  in  the 
event  of  close  driving,  at  distances  not  greater  than  3  feet 
apart.  In  the  same  manner  three  stretchers  of  the  same 
dimensions  and  description  of  timber  are  to  be  placed 
transversely,  on  a  level  with  the  top  of  the  bearing  piles, 
and  fixed  at  their  ends  and  middle  to  the  piles,  thus 
dividing  the  site  of  each  foundation  into  four  com- 
partments. 

UPFILLING    BETWEEN    THE    PILES. 

The  spaces  between  the  heads  of  the  bearing  piles, 
all  over  the  site  of  the  foundations,  are  to  be  made  up 
with  Whinstone  road  metal,  broken  so  that  each  piece 
in  its  greatest  dimensions  shall  pass  through  a  ring  2^ 
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inches  in  diameter,  laid  in  strata  not  exceeding  6  ii 
in  thickness,  and  beaten  all  over  with  a  pavier's  beater, 
weighing  not  less  than  60  pounds  ;  each  layer  to  be  well 
grouted  with  mortar  prepared  agreeably  to  directions 
under  the  article  **  Mortar,"  and  the  whole,  when 
finished,  to  be  on  a  level  with  the  pile  heads. 

SILL-PIECES. 

Sill-pieces  of  beech  timber,  measuring  not  less  than 
12  inches  by  7  inches,  are  then  to  be  laid  longitudinally 
upon  the  site  of  the  foundations  and  tops  of  the  piles, 
to  which  they  are  to  be  fixed  down  with  oaken  tre- 
nails 1^  inch  in  diameter,  and  21  inches  in  length. 
Timber  of  the  same  scantling  and  quality  is  in  like 
manner  to  be  fastened  to  that  part  of  the  pihng  which 
is  under  the  cutwaters  of  the  piers,  and  along  the  ends 
and  sides  of  the  abutments  and  wing  walls,  and  is  to 
be  half  checked  at  the  ends  of  the  sills,  and  secured 
to  them  bv  oaken  trenails. 

UPFILLIXG    BETWEEN    THE    SILL-PIECES. 

The  spaces  between  these  timbers  or  sill-pieces  are 
to  be  built  up  flush  with  their  upper  side  by  one  course 
of  square  dressed  stones  of  a  size  sufficient,  both  in 
breadth  and  depth,  to  fill  up  the  spaces.  These  stones 
are  to  have  a  chisel-draught  round  the  edges ;  they  are 
to  be  pick-dressed,  and  set  in  mortar. 

PLATFORMS. 

When  the  foundations  of  the  piers  and   abutments, 
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and  so  much  of  the  wmg  walls  as  may  be  fomid  neces- 
sary, have  thus  been  brought  to  an  imiform  level  surface, 
a  platform  of  beech  timber  3^  inches  thick  is  then  to  be 
laid  down  transversely,  each  plank  of  which  is  to  be 
equal  in  length  to  the  full  breadth  of  the  foundation  at 
the  place  where  it  is  laid,  and  is  not  to  exceed  one  foot 
in  breadth.  The  planks  are  to  be  set  flush  in  mortar, 
and  fixed  to  each  sill-piece  by  two  iron  spikes,  measuring 
one  half  inch  square  at  the  neck  and  8  inches  in  length. 

ABUTMENTS    AND    PIERS. 

The  first  course  of  masonry  of  each  abutment  is  to  be 
laid  on  these  platforms  at  the  depth  of  7  feet  under  the 
level  of  summer  water  mark,  and  is  to  measure  over  eill 
49  feet  in  length  and  17  feet  in  breadth  between  the 
face  next  the  river  and  the  sofiit  of  the  crown  of  the 
horizontal  arch.  The  first  courses  of  the  masonry  of 
the  piers  is,  in  hke  manner,  to  be  laid  at  the  depth  of 
9  feet  imder  the  level  of  summer  water  mark,  and  is  to 
measure  53  feet  6  inches  in  length  between  the  extreme 
points  of  the  cutwaters,  and  17  feet  6  inches  in  breadth. 
The  foundation  of  each  of  the  abutments  is  to  consist 
of  five  courses  of  squared  masonry,  of  the  average 
thickness  of  16  inches,  and  having  an  offset  of  6  inches 
all  round.  The  foundations  of  the  wing  walls  are  to 
have  but  two  offsets  on  the  inward  face,  and  are  to  be 
finished  in  all  respects  agreeably  to  the  drawings.  The 
foundations  of  the  piers  are  in  like  manner  to  have 
offsets  of  6  inches  on  each  of  the  first  six  courses, 
which  are  to  average  16  inches  in  thickness. 
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The  height  of  each  of  the  piers,  from  the  highest  off- 
set to  the  top  of  the  impost  course,  is  to  be  10  feet  6 
inches,  with  a  batter  or  slope  of  3  inches  all  romid.  The 
breadth  of  each  of  the  middle  piers  immediately  above 
the  offsets  is  to  be  12  feet  6  inches,  and  at  the  top, 
exclusive  of  the  projection  of  the  imposts,  it  is  to  be 
12  feet,  while  the  breadths  taken  at  the  same  place  on 
each  of  the  landward  piers  are  to  be  11  feet  6  inches 
and  1 1  feet  respectively.  The  shafts  of  the  two  middle 
piers  are  each  to  measure  47  feet  8  inches  between  the 
extreme  points  on  the  level  of  the  highest  offset,  and 
on  the  level  of  the  impost  course  47  feet  6  inches,  while 
the  dimension  at  the  same  places  in  each  of  the  land- 
ward piers  is  to  be  46  feet  6  inches  and  46  feet  respec- 
tively. 

MASONRY. 

The  masonry  of  the  abutments  and  piers  is  to  be  of 
squared  work.  Each  course  is  to  be  of  the  same  thick- 
ness throughout,  and,  after  the  stones  are  set,  the  course 
is  to  be  carefully  brought  to  one  level  before  proceeding 
with  the  next  course.  To  suit  the  quarried  materials, 
the  courses  above  the  foundations  mav  var\'  from  12 
to  1 6  inches  in  thickness,  the  face-work  being  composed 
of  a  course  of  headers  and  stretchers  alternately.  The 
header  stones  are  to  have  bond  into  the  wall  of  not  less 
than  3  feet  6  inches,  and  are  not  to  be  less  than  2  feet 
in  lens:th  of  outward  face.  The  stretchers  are  not  to  be 
less  than  2  feet  in  breadth  on  the  bed,  and  3  feet  6  inches 
on  the  outward  face.     These  courses  are  to  be  laid  so 
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as  to  break  joint  properly,  as  will  be  hereinafter  more 
particularly  described. 

HORIZONTAL    ARCHES    OF    ABUTMENTS. 

The  back  or  landward  side  of  the  abutments  is  to  be 
built  in  the  form  of  a  horizontal  arch  of  an  elliptical 
form,  which  is  to  spring  from  the  wing  walls.  These 
walls  are  to  be  built  in  regular  courses,  forming  a 
continuation  of  the  masonry  of  the  abutments.  The 
stones  of  the  exterior  faces  or  soffits  of  these  arches 
are  to  be  laid  in  courses  of  header  and  stretcher  alter- 
nately, the  headers  not  being  under  3  feet  in  length, 
and  1  foot  9  inches  in  breadth  of  bed,  and  the  stretchers 
not  under  1  foot  6  inches  in  breadth  of  bed,  and  3  feet 
in  length  of  face.  They  are  to  be  worked  in  the  beds 
and  joints  with  chisel-draughts  round  the  edges,  and 
pick-dressed  between.  The  horizontal  arches  are  to 
set  off  from  the  foundation  course  as  already  described, 
and  to  be  carried  upwards  by  offsets  in  common  with 
the  abutments.  Above  these  offsets  the  same  arched 
form  is  to  be  carried  up  perpendicularly  to  the  level  of 
the  top  of  the  springing  course,  where  there  are  3  more 
offsets  of  one  foot  each.  Above  this  there  is  a  course 
of  flag-stones  at  the  same  height  as  the  covering  stones 
of  the  spandril  walls,  afterw^ards  to  be  described.  The 
stones  of  the  horizontal  arches  are  to  average  2  feet  6 
inches  in  depth  of  bed  at  the  springing  of  the  arch,  and 
2  feet  at  the  crown.  They  are  not  to  be  less  than  2  feet 
6  inches  in  length,  to  be  built   in  vertical  bond,  and 
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closely  jointed  with  the  hearting  of  the  abutment.  The 
bed  joints  are  to  be  dressed  in  a  similar  manner  to  those 
of  the  face-work  of  the  wing  walls,  the  outward  fece  to 
be  chisel-draughted  round  the  edges  for  accuracy  in 
setting,  but  the  space  between  to  be  left  undressed. 
The  other  dimensions  to  be  taken  from  the  plans. 

WING    WALLS. 

The  beds,  joints,  and  face-work  of  the  wing  walls  are 
to  be  dressed  in  a  similar  manner  to  those  of  the  hori- 
zontal arches.  The  hearting  to  be  similar  to  that  of 
the  abutments.  The  dimensions  of  the  different  parts 
are  to  be  taken  from  the  written  dimensions  on  the  plan. 
In  the  opening  behind  the  horizontal  arches,  and  for  10 
feet  beyond  the  ends  and  sides  of  each  of  the  wing  walk, 
excavated  matters  from  the  foundations,  mixed  with 
gravel  and  a  proper  proportion  of  clay  to  give  tenacity, 
are  to  be  filled  in  to  the  top  of  the  wing  walls.  This 
mixture  is  to  be  laid  down  in  strata  corresponding  as 
nearly  as  may  be  with  the  courses  of  the  building,  each 
stratum  being  well  beaten  down  as  the  courses  are  laid. 

DRESSING    OF    STONES. 

The  stones  are  all  to  be  hewn  or  worked  to  the  fiill 
size  specified.  The  beds  droved  round  the  outward 
edges  to  the  breadth  of  3  inches,  and  broached  with 
mallet  and  iron  within  these  draughts.  Tlie  outward 
faces  of  the  courses  below  the  level  of  summer  water 
mark  are  to   have   1^  inch   chisel-draughts   round   the 
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edges,  and  are  to  be  pick  and  hammer-dressed  between ; 
above  the  summer  water  mark  the  face-work  of  the  abut- 
ments and  piers  is  to  be  neatly  broached,  and  the  hori- 
zontal joints  chamfered  to  the  breadth  of  1  inch  on  the 
beds  and  faces.  The  hearting  stones  of  the  abutments  and 
piers  are,  in  like  manner,  to  have  1^  inch  chisel-draughts 
round  the  edges  of  the  horizontal  beds  and  are  to  be 
broached  between,  but  the  vertical  joints  are  to  be  dressed 
square  with  the  pick  or  hammer.  The  impost  courses 
are  to  be  15  inches  thick,  worked  with  a  fillet  of  3  inches 
in  thickness,  and  a  torus  of  12  inches,  projecting  8  inches 
beyond  the  face-work,  as  represented  in  the  drawings. 
The  cutwaters  of  the  abutments  and  piers  are  to  be 
built  in  courses  along  and  in  correspondence  with  those 
of  the  main  body  of  the  work,  and  finished  with  a 
continuation  of  the  impost,  surmounted  by  a  blocking 
course  of  2  feet  3  inches  in  thickness,  formed  for  the 
support  of  the  colimins,  as  shown  in  the  drawings. 

The  springing  course  of  the  arches  is  to  be  4  feet  in 
thickness.  On  the  piers  it  is  to  be  laid  in  three  rows  of 
stone ;  the  two  outer  rows  forming  the  springing  stones 
are  to  be  worked  off  in  the  face  so  as  to  form  part  of  a 
voussoir  having  a  soffit  of  9  inches  in  breadth,  and  a 
bearing  or  breadth  of  bed  on  the  pier  of  3  feet  6  inches  ; 
and  no  stone  is  to  be  less  than  2  feet  6  inches  in  length 
of  face.  The  middle  or  closing  row  of  the  springing 
course  is  to  be  laid  in  two  courses  of  such  a  breadth  as 
to  fill  exactly  the  space  left  between  the  springing 
stones. 

The  springing  course  of  the  abutments  is  to  be  in  all 
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respects  similar  to  that  of  the  piers,  and  the  space 
between  it  and  the  back  of  the  horizontal  arch  is  to 
be  fiUed  up  with  square  jointed  hearting  stones  in  two 
courses,  so  as  to  fiU  up  the  space  exactly.  The  whole 
of  the  stones  of  those  courses  are  also  to  be  carefully 
worked  in  their  bearing  joints,  and,  when  laid,  are  to 
be  grouted  with  mortar. 

The  beds  of  the  voussoirs  are  to  be  droved  round  the 
edge  to  the  depth  of  3  inches,  and  broached  between 
these  draughts.  The  end  joints  to  be  chisel-draughted, 
and  broached  off  between  ;  the  face- work  of  the  soffit  of 
the  arch  is  to  be  neatly  broached,  and  the  bed  joints 
across  the  arches,  and  the  heads  of  the  ring  courses,  are 
to  be  chamfered  to  the  breadth  and  depth  of  one  inch  on 
each  side  of  the  face  or  soffit.  The  heads  of  the  stones 
of  the  ring  courses  are  to  project  1^  inch  beyond  the 
retaining  walls,  as  shown  in  the  drawings.  The  back  or 
crown  of  the  voussoirs  is  to  be  worked  off  in  the  curve 
of  the  extrados  to  the  breadth  of  18  inches,  so  as  to 
form  a  seat  for  the  Aisler  work  of  the  retaining  walls. 

CENTRE    FRAMES. 

Trussed  centre  frames,  for  building  not  fewer  than 
three  arches,  are  to  be  properly  framed  and  constructed 
of  Memel  timber,  and  ehu,  or  other  hard  wood, 
thoroughly  connected  with  mortise  and  tenon  joints, 
screw  bolts,  and  iron  straps,  agreeably  to  a  model  to  be 
prepared  under  the  direction  of  the  engineer.  These 
centre  frames  are    to   be    placed   at   distcuices   not   ex- 
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resting  wholly  on  the  scarcements  of  the  abutments  and 
piers,  and  covered  with  planks  of  3  inches  in  thickness, 
on  which  the  arches  are  to  be  turned.  It  is  in  the  power 
of  the  engineer,  however,  to  direct  that  five  sets  of  centre 
frames,  or  one  for  each  arch,  shall  be  prepared  for 
building  the  bridge ;  the  contractor  being  paid  for  such 
extra  centres. 

ARCHES. 

The  five  arches  of  the  bridge  are  to  be  segments  of  a 
circle  of  65  feet  radius.  The  bottom  of  the  several 
springing  courses  is  to  be  upon  one  level,  and  to  be  9 
feet  6  inches  above  the  summer  water  mark.  The  span 
of  the  middle  arch  is  to  be  79  feet,  and  its  rise  or  versed 
sine  13  feet  6  inches.  The  two  arches  next  to  the 
middle  one  are  to  be  each  74  feet  6  inches,  and  their 
rise  1 1  feet  9  inches,  and  the  remaining  two  arches  next 
the  abutments  are  to  be  each  65  feet  in  the  span,  and  to 
rise  8  feet  9  inches. 

The  width  of  the  bridge,  measuring  across  the  soffit  of 
the  arches,  as  before  noticed,  is  to  be  38  feet.  The 
voussoirs  or  arch-stones  are  to  measure  not  less  than 
3  feet  in  length  across  the  soffit, — their  depth  at  the  key- 
stone or  crown  is  to  be  3  feet  6  inches,  increasing  as 
they  approach  the  springing  courses,  according  to  a 
radius  of  curvature  of  70  feet  for  the  extrados,  making 
the  depth  of  the  voussoir  at  the  springing  of  the  central 
arch  4  feet  6  inches,  and  that  of  the  other  arches  pro- 
portionally less  at  the  springing  course,  according  to 
the  above  radius  of  curvature. 
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RETAINING   WALLS. 

The  retaining  or  outward  spandril  walls  on  each  skle 
of  the  bridge  are  to  extend  in  a  longitudinal  direction 
1  i  inch  within  the  heads  of  the  ring  course,  to  whidi 
they  are  to  be  neatly  fitted,  and  carried  to  the  height  of 
the  curve  coinciding  wth  the  crown  of  the  arches. 
They  are  to  be  of  the  thickness  of  3  feet  at  their  founda- 
tion on  the  top  of  the  springing  courses,  and  to  diminish 
to  2  feet  6  inches  at  the  top.  At  the  height  of  7 
inches  under  the  range  of  the  curve  of  the  arches,  a 
scarcement  or  offset  of  9  inches  in  breadth  is  to  be 
formed,  as  a  rest  for  the  covering  pavement  of  the 
interior  spandril  walls. 

The  face-work  of  the  masonry  of  the  retaining  walls  is 
to  consist  of  regular  courses  of  Aisler  work,  neatly 
broached,  laid  header  and  stretcher.  The  headers  are 
not  to  be  less  in  the  face  than  2  feet  in  length,  nor  more 
apart  than  9  feet  in  each  course,  nor  shorter  than  the 
full  thickness  of  the  wall  where  they  are  laid.  The 
stretchers  are  not  to  be  less  than  3  feet  in  length,  nor 
1  foot  4  inches  in  breadth.  Tliey  are  to  be  dressed 
square  with  mallet  and  iron  on  the  beds,  with  a  droved 
draught  round  the  edge  of  1^  inch  in  breadth,  and 
broached  between,  and  the  ends  dressed  square  at  least 
6  inches  back.  The  courses  of  Aisler  work  are  to  range 
from  15  to  12  inches  in  thickness,  becoming  gradually 
thinner  toward  the  top  of  the  walls  ;  each  course  is  to 
be  chamfered  in  the  face  on  the  lower  and  upper  beds,  of 
the  same  dimensions  as  those  specified  for  the  piers.  At 
the  junction  of  the  face  courses  with  the  face  courses  of 
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the  arches,  the  stones  are  to  be  worked  to  a  cmnilar 
fbrm,  and  cut  square  at  the  jomt  to  the  depth  of  3 
inches,  so  as  to  give  them  the  requisite  strength  ;  the  cor* 
reqx>nding  stone  of  the  succeeding  course  locking  into 
Aat  inmiediately  below.  The  backing  of  the  retaining 
walls  is  to  be  of  coursed  hammer-dressed  masonry, 
corresponding  in  thickness  with  the  Aisler  course,  and 
properly  bonded  with  it.  Circular  holes  of  3  inches  in 
diameter  are  to  be  cut  through  the  retaining  walls  com- 
municating with  the  voids  between  the  arches,  in  positions 
to  be  afterwards  pointed  out,  for  the  admission  of  air, 
and  the  escape  of  any  water  ¥diich  may  percolate  through 
the  roadway  of  the  bridge. 

COLUMNS   AND   PILASTERS. 

Over  the  projections  on  each  side  of  the  abutments 
there  is  to  be  placed  One  square  pilaster,  and  on  each  of 
the  piers  two  columns  executed  in  a  plain  Grecian  Doric 
style.  The  colunms  on  the  piers  of  the  middle  arch  are 
to  measure  13  feet  in  height,  including  the  capital,  and 
2  feet  4  inches  in  diameter  at  the  base.  Those  on  the 
two  landward  or  outer  piers  are  to  be  10  feet  in  height, 
including  the  capital,  and  2  feet  2  inches  in  diameter  at 
the  base.  The  pilasters  on  the  abutments  are  to  be 
7  feet  in  height,  including  the  capital,  and  2  feet  4 
inches  by  2  feet.  Tlie  columns  and  pilasters  are  to  be 
set  with  their  face  line  at  the  base  2  feet  beyond  the 
retaining  wall.  They  are  to  be  built  in  courses  not 
exceeding  2  feet  in  thickness,  and  properly  bonded  with 
the  Aisler  of  the  retaining  wall.     The  columns  and 
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capitals  are  to  be  wrought  agreeably  to  an  enlarged 
drawing,  which  will  be  given  to  the  contractor.  The 
architrave  on  the  columns  is  to  be  1  foot  6  inches 
in  depth,  worked  with  a  torus  or  band  1 J  inch  in  depth, 
and  projecting  one  half  inch  from  the  face  of  the  archi- 
trave ;  the  breadth  of  which  is  to  be  made  up  of  two 
stones,  each  of  them  being  the  full  length  and  depth  of 
the  architrave.  The  frieze  over  the  architrave  is  to  be 
1  foot  6  inches  in  depth  or  thereby  at  the  lower  end, 
corresponding  with  the  frieze  of  the  general  elevation : 
this  frieze  is  also  to  be  of  one  stone,  1  foot  in  breadth, 
with  closers  to  fiU  up  the  returns  at  the  ends.  It  is  to 
be  backed  with  square  dressed  stones,  laid  as  headers, 
extending  to  the  inward  face  of  the  retaining  wall,  and 
equal  in  height  to  the  frieze.  Between  the  columns,  on 
each  of  the  centre  piers,  a  semicircular  niche  is  to  be 
formed,  4  feet  in  width,  and  10  feet  6  inches  in  height ; 
the  retaining  wall  at  those  parts  being  thickened  behind 
to  admit  of  the  niche.  The  columns,  architrave,  and 
frieze  are  to  be  chisel-draughted  in  the  beds  to  the 
breadth  of  3  inches,  and  broached  off  with  mallet  and 
iron  between.  The  face-work  of  the  whole,  including 
the  soffit  of  the  architrave,  the  niche,  and  the  whole 
space  between  the  columns,  is  to  be  executed  in  the 
best  style  of  droved  work,  set  in  mortar,  hpped  to  the 
breadth  of  3  inches  with  Roman  cement,  and  carried  up 
along  with  the  face-work  and  bonded  with  it. 

SPANDRIL    WALLS. 

Spandril  walls  are  to  be  built  between  the  outward 
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walls,  parallel  to  them  and  butting  against  the  horizontal 
arches  of  the  abutment  at  either  end  of  the  bridge,  and 
dividing  the  whole  included  space  into  eight  equal  com- 
partments. These  walls  are  to  be  2  feet  in  thickness  at 
the  bottom,  diminishing  to  1  foot  6  inches  at  the  top, 
which  is  to  be  at  the  level  of  14  inches  imder  the  top 
line  of  the  retaining  walls.  After  being  levelled,  the 
spandril  walls  are  to  be  coped  with  a  course  of  hammer- 
dressed  flag-stones,  1  foot  6  inches  broad  and  7  inches 
thick. 

TYE-WALLS. 

Upon  each  of  the  piers  a  tye-wall,  of  3  feet  in  thickness 
throughout,  is  to  be  built  across  the  bridge,  and  is  to  be 
carried  up  and  bonded  with  the  retaining  walls.  These 
spandril  and  tye-walls  are  also  to  be  properly  bonded 
with  each  other,  and  built  flush  in  mortar:  holes  6 
inches  square  are  to  be  formed  in  each  of  the  interior 
spandril  and  tye-walls,  to  preserve  the  circulation  of  air 
and  drainage  of  moisture. 

FRIEZE. 

The  frieze  course,  which  is  to  be  laid  on  the  top  of 
the  retaining  walls,  as  above  described,  is  to  be  1  foot 
6  inches  in  height,  and  to  project  2  inches  over  the  face 
of  the  retaining  wall.  The  stones  of  which  the  frieze 
is  to  be  built  are  not  to  be  less  tlian  3  feet  6  inches  in 
length  of  face,  1  foot  6  inches  in  height,  and  1  foot 
2  inches  in  breadth  of  bed.  They  are  to  be  worked  with 
a  droved  draught  of  5  inches  in  breadth  in  the  lower 
bed,  and  3  inches  in  the  upper  bed  along  the  edges 
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next  the  &ce,  and  with  a  common  chiseUdraught  round 
the  other  edges  of  the  bed :  the  space  between  is  to  be 
broached,  the  end  joints  to  be  cut  square  to  the  depth  of 
6  inches,  and  the  face-work  neatly  droved  ;  the  whole  to 
be  set  in  mortar  and  lipped  with  oil  putty.  The  firieze 
course  is  to  be  backed  with  good  rubble  masonry,  to  the 
depth  of  2  feet  8  inches  from  the  face,  and  set  in  mortar. 

CORNICE. 

The  cornice,  1  foot  2  inches  thick,  and  projecting 
1  foot  3^  inches  from  the  frieze,  is  to  be  returned 
round  all  the  projections  over  the  columns  and  pi- 
lasters. The  cornice  is  to  be  moulded  agreeably  to  the 
enlarged  diagram  on  the  plan:  no  stone  in  it  is  to  be 
under  3  feet  6  inches  in  length,  or  3  feet  in  breadth  on 
the  lower  bed,  so  as  to  have  a  bearing  on  the  frieze 
course  of  not  less  than  1  foot  8^  inches.  The  tails  of 
the  stones  are  to  be  checked  down  on  the  upper  bed  to 
a  depth  sufficient  to  admit  the  footpaths  at  their  proper 
level.  The  stones  are  to  be  chisel-draughted  round  the 
beds  to  the  breadth  of  2  inches,  and  broached  off  between 
the  draughts  :  the  end  joints  are  to  be  neatly  droved  to 
the  depth  of  1  foot  9  inches  from  the  extreme  projection 
of  the  moulding,  and  the  whole  of  the  moulded  part  is  to 
be  neatly  droved.  The  cornice  is  to  be  set  in  mortar, 
and  the  projecting  parts  of  the  joints  carefully  grouted 
and  pointed  with  oil  putty. 

COVERING    PAVEMENT. 

Over  each  of  the  eight  spaces  between  the  spandril 
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walls,  flag-stones,  or  covering  pavement,  in  a  hammer- 
dressed  state,  are  to  be  set  flush  in  mortar,  for  supporting 
the  carriage  roadway  and  footpaths.  These  flag-stones 
are  each  to  contain  not  fewer  than  8  superficial  feet  of 
rock,  and  are  to  be  7  inches  in  thickness,  laid  with  a 
bearing  of  not  less  than  6  inches  on  the  retaining  walls, 
and  9  inches  on  the  spandril  walls.  On  this  pavement, 
to  the  fiiU  width  of  the  bridge  between  the  retaining 
walls,  clay  puddle  is  to  be  laid  to  the  depth  of  12  inches, 
in  strata  6  inches  thick,  which  is  again  to  be  covered 
with  a  stratum  of  gravel,  free  of  earthy  particles,  to  the 
depth  of  4  inches  in  the  middle,  diminishing  at  the  sides 
to  2  inches. 

PARAPET   WALLS. 

The  parapet  walls  on  each  side  of  the  bridge  are  to  be 
built  of  soUd  parapet  Aisler  masonry ;  the  two  parapet 
walls  to  be  equal  and  similar  to  each  other  in  all 
respects.  The  basement  course  is  to  be  laid  on  the 
cornice  course.  It  is  to  be  1  foot  2^  inches  in  thick- 
ness, 12  inches  in  depth,  and  the  stones  are  not  to  be 
less  than  4  feet  in  length.  The  dado  of  the  parapet 
is  to  be  12  inches  thick,  built  in  two  courses,  each  13 
inches  in  height,  the  stones  of  which  are  to  be  laid  in 
lengths  of  not  less  than  4  feet,  and  set  in  such  a  manner 
that  the  base  may  project  one  inch  toward  the  outside. 
The  coping  course  is  to  be  11  inches  in  thickness,  and 
1  foot  2  inches  in  breadth,  projecting  both  outwards  and 
inwards  similar  to  the  basement  course,  and  laid  in 
lengths  of  not  less  than  4  feet,  the  whole  height  of  the 
parapet  wall  being  4  feet  1  inch  from  the  upper  surface 
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of  the  cornice  course.  Tlie  parapet  walls  are  to  1)C 
enlarged  to  the  extent  of  the  respective  projections  of 
the  entablature,  both  in  length  and  in  breadth,  and  their 
base,  dado,  and  cope,  are  respectively  to  be  formed 
round  these  projections.  These  breaks  or  blockings 
are  to  be  built  with  square  dressed  stones,  corresponding 
with  the  several  courses  of  the  parapet  wall.  The  stones 
throughout  these  walls  are  to  be  worked  in  the  beds 
similar  to  those  of  the  cornice  and  frieze.  The  cope 
and  base  are  to  be  neatly  droved,  and  the  dado  6nely 
and  closely  broached.  The  coping  of  the  parapet  walls 
is  to  be  chamfered  on  the  upper  bed  from  the  middle 
line  down  to  9  inches  from  its  lower  bed  on  both  sides. 
The  stones  of  the  coping  are  to  be  secured  to  each  other 
by  a  cast-iron  dowel  1^  inch  in  diameter  and  6  inches  in 
length,  let  into  each  of  the  vertical  joints ;  to  be  pro- 
Lperly  grouted  and  run  up  with  Roman  cement. 

LAMP    IRONS. 

Six  lamp  irons,  formed  agreeably  to  the  enlarged 
drawings,  are  to  be  erected  on  each  of  the  parapet  walls 
of  the  bridge,  and  are  to  be  connected  with  a  train  of 
gas  pipes  communicating  with  Adelphi  and  Clyde 
Streets.  These  lamp  irons  and  gas  pipes  are  to  be 
provided  at  the  expense  of  the  trustees,  but  are  to  be 
fitted  up  at  the  cost  of  the  contractor,  agreeably  to  the 
directions  of  the  engineer. 

FOOTPATHS. 

A  footpath  of  5  feet  in  breadth,  including  the  curb- 
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stone,  is  to  be  formed  on  each  side  of  the  bridge.  For 
this  purpose  curb-stones  are  to  be  laid  at  the  distance  of 

5  feet  from  the  basement  course  of  the  parapet  walls, 
the  upper  surface  of  the  curb  being  1  inch  under  the 
level  of  the  said  basement.  These  curb-stones  are  to  be 
1  foot  6  inches  in  depth,  9  inches  in  thickness  at  bottom, 
sloped  to  6  inches  at  the  top,  and  laid  in  lengths  of  not 
less  than  2  feet.  The  spaces  between  the  parapet  walls 
and  curb-stones,  on  either  side,  are  to  be  laid  with  pave- 
ment on  a  soUd  bed  of  concrete,  consisting  of  screened 
gravel  mixed  with  one-fifth  part  of  lime.  The  pavement 
to  be  neatly  chisel-draughted  round  the  edges,  and  the 
vertical  joints  squared,  hpped,  and  pointed  with  Roman 
cement.  The  stones  of  the  footpath  are  to  measure  not 
less  than  2  feet  in  breadth,  4  feet  6  inches  in  length,  and 

6  inches  in  thickness,  laid  in  mortar  flush  with  the  curb- 
stones at  the  one  edge,  and  on  a  level  with  the  bottom 
of  the  parapet  walls  on  the  other. 

DRAINS. 

Along  the  under  side  of  the  curb-stones,  on  each  side 
of  the  bridge,  and  9  inches  under  their  upper  edge,  sky- 
drains  or  gutters  of  Whinstone  rock  are  to  be  formed. 
The  stones  in  these  drains  are  to  be  not  less  than  1  foot 
6  inches  in  length,  1  foot  2  inches  in  breadth,  and  9 
inches  in  depth,  having  the  groove  or  channel  wrought 
to  a  segment  of  a  circle,  7  inches  in  width  by  2J  inches 
in  depth.  By  these  gutters  the  drainage  water  is  to 
be  carried  off  the  roadway  into  sewers  commumV^*--^ 
with  the  river. 
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ROADWAY. 

The  carriage  roadway  is  to  be  metalled  to  the  fuU 
extent  between  the  sky-drains  and  along  the  whole 
length  of  the  bridge,  and  formed  with  a  line  of  draught 
rising  on  the  one  side  and  falling  on  the  other  at  the 
average  rate  of  one  perpendicular  to  thirty  horizontal, 
with  a  transverse  section  rising  3  inches  m  the  middle. 
The  road  is  to  be  laid  to  the  depth  of  12  inches  with 
broken  Whinstone,  each  piece  of  which,  in  its  largest 
dimensions,  is  to  pass  through  a  ring  of  2^  inches  in 
diameter.  The  whole  to  be  consolidated  by  being  re- 
peatedly peissed  over  by  a  rolling  machine  of  not  less 
than  1^  ton  in  weight. 

DESCRIPTION    OF    MASONRY. 

The  face  or  outside  work  of  tliis  bridge  is  to  be  built 
of  Aisler  masonry,  as  has  been  already  more  particularly 
specified  and  described.  The  stones  are  to  be  laid 
throughout  the  whole  works  on  their  natural  beds,  or  as 
they  lie  in  the  quarry.  The  arch-stones  are  to  break 
joint  or  overlap  each  other  not  less  than  1  foot.  In  all 
other  parts  of  the  face-work  the  vertical  or  perpendicular 
joints  of  the  one  course  are  to  overlap  the  joints  of  the 
course  immediately  below  not  less  than  9  inches.  The 
whole  of  the  masoniy  of  the  bridge  is  to  be  set  flush  in 
mortar,  prepared  as  described  under  that  article.  The 
joints  of  the  other  parts  of  the  masonry  are  to  be 
carefully  grouted  with  mortar,  and  the  face-work  neatly 
pointed.  The  beds  of  the  face-work  of  the  abutments 
and  piers,  to  the  height  of  the  springing  course,  are  to 
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be  lipped  or  laid  to  the  depth  of  3  inches  with  Roman 
cement,  and  the  beds  of  the  face-work  of  the  retaining 
walls,  the  pilasters  with  their  basements  and  entablature, 
the  cornice,  parapet  walls,  and  other  exposed  parts  of 
the  work,  are  to  be  lipped  to  the  same  depth  with  oil 
putty  prepared  with  a  mixture  of  fine  sand  and  tinted 
of  a  stone  colour,  to  the  satisfaction  of  the  resident 
engineer. 

MORTAR. 

The  mortar  for  the  foundations  of  the  work  and 
abutments,  with  their  wing  walls,  the  piers  and  arches,, 
the  retaining,  spandril,  and  parapet  walls,  and  other 
parts  of  the  bridge,  is  to  be  composed  of  well  burned 
limestone,  of  quality  approven  of  by  the  engineer.  It  is 
to  be  burned  at  or  near  the  works,  and  slaked  as  it 
comes  from  the  kiln  with  pure  river  water ;  it  is  then  to 
be  mixed  with  sand,  free  of  earthy  particles,  in  the 
proportion  of  one  measure  of  Ume  to  two  measures 
of  clean  sharp  sand,  or  fine  screened  gravel  suitable  to 
the  species  of  work  for  which  it  is  to  be  used.  This 
mixture  is  then  to  be  worked  to  a  proper  consistency  by 
manual  labour,  or  a  horse-gin  and  mortar-rollers  if 
required.  But,  notwithstanding  the  proportions  of  lime 
and  sand  being  above  specified,  these  are  to  be  subject  to 
alteration  on  the  inspection  of  the  mortar  by  the  resident 
engineer,  who  is  also  to  decide  upon  the  quality  of  the 
Roman  cement  and  oil  putty  for  lipping  and  pointing 
the  works. 

QUARRIES. 

The  stones  for  the  outward  walls   or  face-work,  in- 
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eluding  the  shafts  of  the  piers  and  face-work  erf  the 
abutments,  wing  walls,  arch-stones,  retaining  and  parapet 
^•alls,  including  the  frieze  and  cornice  of  the  bridge,  are 
to  be  taken  from  the  best  and  hardest  rock  of  such  of 
the  following  quarries  as  may  ultimately  be  approven  of 
by  the  engineer  as  being  capable  of  producing  stones 
of  sufficient  dimensions,   and  of  proper  quality :    viz. 
Garscube,   Balgray  and  Woodside,   in  the  vicinity   of 
Glasgow,  Nitshill  in  Renfrewshire,  Carbrook  in  Stirling- 
shire, or  Humbie  in  LinUthgowshire.     For  all  interior 
work,  such  as  the  hearting  of  the  abutments  and  piers, 
backing  of  the  wing  walls  and  rubble  work  in  general, 
together  with  the  covering  pavement,  the  stones  may 
be   taken   from   the  best  and  hardest  rock  of  any  of 
the  quarries  above  specified ;   but  if  it  shall  meet  the 
convenience  or  views  of  the  contractor  to  take  the  whole 
of  the  materials  from  the  quarry  or  quarries  ultimately 
approved  of  for  the  face-work  by  the  engineer,  the  con- 
tractor shall  be  at  libertv  to  do  so,  and  the  whole  of  the 
materials   may  thus   come   to   be  procured   from   such 
quarr}'  or  quarries,  provided  always,  that  it  be  without 
detention   or   disadvantage   to    the  works :    a  provision 
which  the  contractor  will  keep  in  view  in  any  engage- 
ment he  may  be  disposed  to  enter  into  with  the  quarry 
masters. 

The  contractor  must  keep  a  mason  in  the  principal 
quarr\'  from  which  the  materials  are  to  be  supphed, 
whose  duty  it  shall  be  to  make  careful  selection  of  the 
stones  ;  but  independently  of  this  condition,  no  stone 
will  be  permitted  to  be  laid  in  any  of  the  abutments, 
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piers,  arches,  or  in  any  part  of  the  face-work  of  the 
bridge,  having  what  are  called  drys  or  cutters,  or  any 
unsoundness  in  its  general  aspect  or  appearance ;  or 
which  from  colour  or  want  of  hardness  may  appear 
doubtful  to  the  resident  engineer  or  said  cliief  engineer, 
who  may  cause  such  faulty  stone  or  stones  to  be  re- 
moved, though  actually  built  into  the  work. 

The  curb-stones,  sky-drains,  and  road  metal  shall  be 
taken  from  one  of  the  quarries  in  the  neighbourhood  of 
Glasgow,  which  shall  be  approven  of  by  the  engmeer ; 
and  the  foot  pavement  from  Castle-hill  quarry  in  Caitli- 
nesshire,  or  any  others  of  approved  quality. 

PROGRESS    OF   THE    WORKS. 

By  the  term  of  Martinmas,  in  the  year  1828,  the 
contractor  is  to  complete  the  north  abutment,  with  its 
wing  waUs,  and  three  of  the  piers,  to  the  level  of  the 
springing  courses.  By  the  term  of  Martinmas,  1829,  the 
contractor  is  to  complete  the  remaining  abutment  and 
pier,  to  turn  the  five  arches  of  the  bridge,  and  carry  the 
retaining,  spandril,  and  tye-walls  to  the  height  of  5  feet 
above  the  springing  course  :  and  by  the  term  of  Lammas, 
1830,  he  is  to  complete  and  finish  the  whole  of  the 
remaining  works  of  the  bridge,  hereinbefore  specified 
and  represented  in  the  plans  and  drawings,  signed  by 
Robert  Stevenson  as  chief  engineer,  and  by  the  con- 
tracting parties  as  relative  hereto. 

WORK-YARD. 

The  contractor  shall   enclose   the   work-yard   to   be 
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provided  by  the  trustees  for  their  worios,  extending  to 
two  acres  or  thereby,  with  a  wooden  paling :  he  is  also 
to  erect  a  work-yard  lodge,  consisting  of  two  floors, 
agreeably  to  a  plan  approved  of  by  the  engineer.  Xlie 
ground-floor  is  to  be  for  the  use  of  the  contractor,  and 
the  upper-floor  for  the  use  of  the  resident  engineer  and 
trustees.  When  the  bridge  works  are  completed,  the 
contractor  is  to  remove  the  said  paling  and  work-yard 
lodge,  (the  materials  being  his  property,)  and  to  restore 
and  leave  the  ground  as  nearly  as  may  be  in  its  present 
state,  by  the  removal  of  all  rubbish  and  chips  of  stones, 
to  the  satisfaction  of  the  trustees. 

GENERAL    OBLIGATIONS    ON    THE    PART   OP   THE 

CONTRACTOR. 

Tlie  contractor  is  to  provide  and  pay  for  all  timber 
and  building  materials,  and  for  their  carriage  ;  he  is  also 
to  pay  the  wages  of  all  artificers  and  labourers  employed 
in  the  work, — to  pronde  a  ser\ice  bridge  to  fiaicilitate 
his  oj>erations, — to  furnish  the  pile-work  for  the  foimda- 
tions, — and  provide  three  trussed  centres  for  building  the 
aR^ies,  with  all  their  necessan'  supports  and  apparatus  : 
he  is  ivlso  to  furnish  pumps,  engines,  cranes,  tools, 
utensils,  and  implements  of  what  kind  or  descripticNi 
sixner  as  may  be  found  necessary-  for  prepwuing  the 
foundations  of  the  bridge,  and  executing  and  completing 
the  whole  suj^rstnieture,  including  its  roadway  and 
approaches,  to  the  full  extent  of  the  bridge  and  its  wing 
walls,  in  a  s;ife,  etfcinive,  suWtanti;U  and  workmanlike 
manner,  under  the  diax?tion  and  to  the  satisfiEKrtion  of 
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Robert  Stevenson,  civil  engineer ;  failing  whom,  to  the 
satisfaction  of  any  other  civil  engineer  appointed  by  the 
trustees.  The  whole  works  are  to  be  fully  and  com- 
pletely executed  at  the  sight  of  a  resident  engineer  or 
inspector,  who  shall  be  approven  and  recommended  by 
the  chief  engineer. 

The  contractor  for  these  works  shall  not  be  at  Uberty 
to  sublet  any  part  of  them  without  the  consent  of  the 
chief  engineer,  excepting  in  so  far  as  regards  the  works 
of  excavation,  quarrying  stones,  or  the  carriage  of  ma- 
terials. The  contractor  shall  find  security  for  the  due 
execution  of  the  work  and  completion  of  the  contract  to 
the  satisfaction  of  the  trustees. 

GENERAL  OBLIGATIONS  ON  THE  PART  OF  THE 

TRUSTEES. 

The  trustees  are  to  provide  the  land  for  the  site  of  the 
bridge,  a  work-yard  of  not  less  than  two  acres,  as  con- 
tiguous to  the  site  of  the  bridge  as  may  be  found  ex- 
pedient,  with  the  necessary  access  to  the  works,  over 
and  above  the  contract  price  for  the  bridge:  the  said 
trustees  are  to  pay  the  contractor  the  sum  of  £  for 
enclosing  the  work-yard,  and  upon  all  building  ma- 
terials and  implements  laid  down  for  the  purposes  of 
the  work  they  shall  have  a  right  of  property.  The 
trustees  shall  also  pay  the  contractor  £  toward  the 
erection  of  a  work-yard  lodge.  They  shall  also  convey 
to  the  contractor  all  the  privileges  of  their  Act  or  Acts  of 
ParUament  in  regard  to  the  conveying  of  materials  for 
the  work,  free  of  toll  or  turnpike  dues  ;  they  shall  Uke- 
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wise  pay  the  salary  of  the  resident  engineer,  and  cause 
the  contract  price  for  the  bridge  to  be  paid  to  the  prin- 
cipal contractor,  or  his  order,  by  instalments,  proceeding 
upon  the  certificates  of  the  engineer,  or  agreeably  to  his 
directions,  in  manner  foUowing :  viz. 

One-twentieth  part  of  the  said  contract  price  when  a 
quantity  of  materials  of  the  value  of  £100  sterling  are 
laid  down  upon  the  ground,  and  the  deed  of  contract 
signed  by  the  contractor. 

One-twentieth  part  further  when  each  of  the  platforms 
of  the  abutments  and  piers  are  respectively  laid. 

One-twentieth  part  when  the  first  abutment  is  brought 
up  to  the  springing  course. 

One-fortieth  part  for  each  of  the  piers  and  remaining 
abutments,  when  they  are  brought  to  the  height  of  the 
springing  course. 

One-fortieth  part  when  the  arch-stones  of  each  of 
the  five  arches  have  been  worked,  or  when  a  quantity  of 
arch-stones  equal  to  each  arch  are  hewn,  and  ready  for 
beins:  set. 

One-fortieth  part  when  each  of  the  centre  frames  for 
the  middle  and  two  of  the  side  arches  shall  have  been 
prepared,  and  are  ready  for  the  work. 

One- twentieth  part  when  the  retaining,  spandril,  and 
tve- walls  shall  have  been  carried  to  the  fiill  hei£:ht. 

One-twentieth  part  when  the  covering  stones,  frieze, 
and  cornice,  are  laid. 

One-twentieth  part  when  the  parapet  walls  and  road- 
way of  the  bridge  are  completed.  And  the  balance  re- 
mainins:  of  the  contract  price   when  all  the  works  are 
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completed,  and  the  bridge  finally  taken  off  the  hands  of 
the  contractor  by  a  letter  under  the  hands  of  the 
engineer. 

Should  it  so  happen  that  the  foundations  or  any  other 
part  of  the  works  of  the  bridge  are  required  to  be  carried 
to  a  greater  depth  and  extent  than  is  herein  described 
and  represented  in  the  accompanying  plans  and  sections 
of  the  work,  the  contractor,  upon  the  certificate  of  the 
engineer,  shall  be  allowed  an  additional  sum  in  pro- 
portion to  the  extent  of  extra  work  done.  But  it  is 
expressly  declared  and  understood  that  any  such  extra 
works  are  to  proceed  only  on  the  previous  orders  given 
imder  the  hands  of  the  engineer,  or  by  his  order,  other- 
wise such  extra  charge  shall  not  be  sustained.  If,  on 
the  other  hand,  any  of  the  foundations  or  other  works 
shall  be  diminished  in  extent,  a  rateable  and  proportion- 
able  deduction  shall  be  made  on  the  contract  price, 
agreeably  to  the  schedule  and  rates  for  additional  and 
short  works  filled  up  by  the  contractor,  with  specific 
prices,  and  presented  by  him  along  with  his  offier  for 
the  contract,  to  which  that  schedule  is  hereby  declared 
to  form  a  relative  paper. 

It  is  understood  that  the  trustees  shall  not  be  bound 
to  accept  the  lowest  offerer,  but  shall  have  the  choice 
of  the  contractor  from  among  the  offerers. 

CONCLUDING    CLAUSE. 

Should  any  misunderstanding  arise  as  to  the  meaning 
and  import  of  the  foregoing  specification  or  relative 
drawings,  or  about  the  quality  and  dimensions  of  mate- 


136  HUTCHESON  BRIDGE. 

rials,  or  the  due  and  proper  execution  of  the  works,  the 
same  shall  be  explained  and  decided  by  the  said  chief 
engineer,  whose  award  in  aU  cases  shall  be  final  and 
binding  upon  the  contracting  parties.  It  is  further 
declared  and  provided  for,  that  if  it  shall  at  any  time 
appear  to  the  said  chief  engineer  that  the  works  are 
not  proceeding  in  a  proper  and  satisfactory  manner 
agreeably  to  the  contract,  he  shall  have  the  power  of 
discharging  the  contractor,  taking  the  contract  out  of 
his  hands,  and  employing  others  to  finish  the  works. 
In  the  event  of  its  being  necessary  to  resort  to  such 
measures,  the  trustees  shall  pay  such  sums  as  shall  be 
awarded  by  the  engineer  to  the  contractor  for  work 
done ;  but  if  it  shall  appear  that  the  balance  of  the 
contract  price  is  not  sufficient  for  completing  the  re- 
mainder of  the  works,  the  diflference,  so  ascertained 
and  determined,  shall  be  made  good  by  the  contractor ; 
it  being  the  full  meaning  and  understanding  of  the 
contracting  parties  that  the  agreed  upon  contract  price 
shall  complete  the  whole  works  herein  specified,  and 
that  the  annexed  schedule  of  prices  refers  only  to  extra 
works  and  deductions,  proceeding  upon  such  written 
orders  for  their  execution  as  may  be  issued  from  time 
to  time  under  the  hands  of  the  engineer. 

When  the  works  shall  have  been  found  by  the  engineer 
to  have  been  duly  executed  and  completed  in  all  respects 
agreeably  to  the  contract,  and  to  his  entire  satisfaction, 
the  same  shall  be  intimated  by  a  writing  under  his 
hands,  within  six  months  after  the  date  of  the  same 
having  been  so  declared.     He  shall  then  take  the  bridge 
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finally  off  the  hands  of  the  contractor,  if  the  same  shall 
then  be  found  by  hun  to  be  in  good  and  substantial 
order.  The  balance  of  the  contract  price  shall  then 
be  paid,  and  all  further  responsibility  relative  to  the 
works  removed  from  the  contractor. 


Schedule  of  rate^  of  prices^  including  labour  and  materials^ 
for  ascertaining  the  value  of  extra  and  short  works,  or  of 
alterations^  referred  to  in  the  foregoing  specification  of 
Hutcheson  Bridge,  Glasgow,  by  Robert  Stevenson,  Civil 
Engineer. 


£.        A\         (f. 


1 .  Excavating  foundations  above  the  level  of  summer  water 

mark,  including  removal,  not  exceeding  50  yards,  shall 
be  valued  at  per  cubic  yard 

2.  Excavating  or  dredging  foundations  under  the  level  of 

summer  water  mark,  including  removal,  not  exceeding 
50  yards,  at  per  cubic  yard 
8.  Memel  timber  or  red  pitch  pine,  in  guage  piles,  inde- 
pendently of  its  value  as  old  or  used  timber,  at  per 
cubic  foot 

4.  Sheeting  piles,  in  like  manner  independently  of  the  old 

timber,  at  per  cubic  foot 

5.  Beech  or  Memel  timber  in  bearing  piles,  sills,   wale- 

pieces,  and  planking,  at  per  cubic  foot 

6.  Driving  bearing  piles  close,  after  the  manner  of  sheeting 

piles,  at  per  lineal  foot 

7.  Fitting  and  fixing  wale-pieces  and  sills,  at  per  lineal 

foot 

8.  Iron-work  in  screw  bolts,  spikes,  and  straps,  at  per  lb. 

9.  Clay  puddle  in  coffer-dams,  ramming  behind  walls,  and 

for  roadway,  at  per  cubic  yard 

10.  UpfiUing  with  broken  Whinstone  between  the  heads  of 
bearing  piles,  at  per  cubic  yard 

1 1 .  Coursed  pitching  of  cut  freestone  laid  between  the  sills 
and  foundations,  at  per  cubic  foot 

12.  Masonry  in  face- work  and  hearting  of  the  abutments 

L 
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and  piers  under  the  level  of  summer  water  mark,  at 
per  cubic  fbot 

13.  Masonry  in  £ace-work  and  hearting  oi  the  wing  waDs, 
at  per  cubic  foot 

14.  Masonry  in  face-work  of  abutments  and  piers  from  the 
level  of  summer  water  mark  to  the  top  of  the  impoet 
course,  at  per  cubic  foot 

15.  Masonry  in  hearting  of  abutments  and  piers  from  the 
level  of  summer  water  mark  to  the  top  of  the  impost 
course,  at  per  cubic  foot 

1 6.  Masonry  in  springing  courses  of  abutments  and  [ners, 
at  per  cubic  foot 

17.  Masonry  in  arches,  at  per  cubic  foot 

1 8.  Broached  and  chamfered  Aisler  work,  at  per  superficial 
foot 

19.  Coursed  rubbled  masonry,  at  per  cubic  foot 

20.  Good  common  hammer-dressed  rubble  masonry,  at  per 
cubic  foot 

21.  Pilasters  built  in  courses,  at  per  cubic  foot 

22.  Frieze  over  pilasters,  at  per  cubic  foot 

23.  Cornice  of  bridge,  at  per  lineal  foot 

24.  Parapet  walls  of  bridge,  at  per  lineal  foot 

25.  Curb- stones  for  foot  pavement,  at  per  lineal  foot 

26.  Sky- drains  for  roadway,  at  per  lineal  foot 

27.  Foot  pavement,  at  per  superficial  yard 

28.  Embanking  approaches,  stuff  removed  not  exceeding 
300  yards,  at  per  cubic  yard 

29.  Metalled  roadway,  at  per  cubic  yard 

30.  Retaining  waUs,  at  per  do. 

31.  Retaining  walls  with  coursed  face- work  and  rubble 
backing,  at  per  cubic  yard 

32.  Removal  of  excavated  stuff  per  hundred  yards,  ex- 
ceeding 300  yards,  and  not  exceeding  600  yards,  at 
per  cubic  yard 

33.  Hammer-dressed  cope  for  spandril  walls,  at  per  lineal 
foot 

34.  Hammer-dressed  pavement,  at  per  superficial  yard 

35.  Centre  frames  of  arches,  and  work  connected  therewith, 
at  per  cubic  foot 

36.  Built  close  drains  measuring  2  feet  6  niches  square,  at 
per  cubic  foot 


£.    «.     d. 
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37.  If  the  width  of  the  bridge  shall  be  increased,  and  the 
roadway  made  broader  than  is  described  or  shown  in 
the  plan  and  foregoing  specification,  the  whole  charge 
for  extra  work,  including  labour,  materials,  and  im- 
plements of  all  kinds  rendered  necessary  on  this 
account  for  the  work,  shall  not  for  every  additional 
lineal  foot  of  breadth  upon  the  whole  length  of  the 
bridge  by  which  the  roadway  and  approaches  are  so 
increased  exceed  the  rate  or  sum  of 

38.  And  so  in  like  manner  and  proportion  for  any  dimi- 
nution of  breadth  on  the  whole  length  of  the  roadway 
and  approaches  of  the  bridge,  from  that  which  is 
described  or  shown  in  the  plan  and  foregoing  speci- 
fication, a  rateable  and  corresponding  deduction  shall 
be  made  per  foot  of  breadth,  at  the  rate  of 

39.  If  the  foundation  of  either  of  the  abutments  of  the 
bridge,  measuring  from  the  point  towards  the  river 
landward  to  the  points  or  springing  of  the  horizontal 
arch,  shall  be  sunk  or  carried  to  a  greater  depth  than 
is  described  or  shown  in  the  plan  or  foregoing  specifi- 
cation, the  whole  charge  for  extra  work,  including 
labour,  materials,  and  implements  of  all  kinds  ren- 
dered necessary  for  the  work  on  that  account,  shall 
not  for  every  additional  vertical  foot  by  which  the 
depth  is  increased  exceed  the  rate  or  sum  of 

40.  And  so  in  like  manner  and  proportion  for  any  dimi- 

nution of  depth,  as  aforesaid,  by  which  the  foundation 
of  either  of  the  abutments  of  the  bridge  is  lessened  in 
the  specified  depth,  a  rateable  and  corresponding 
deduction  shall  be  made  per  foot  perpendicular  at 
the  rate  of 

41.  If  the  foundation  of  any  of  the  piers  of  the  bridge 
shall  be  sunk  or  lowered  to  a  greater  depth  than  is 
described  and  shown  in  the  plan  and  foregoing  speci- 
fication, the  whole  charge  for  extra  work,  including 
labour,  materials,  and  implements  of  all  kinds  ren- 
dered necessary  for  the  work,  on  this  account,  shall 
not  for  every  additional  peq)endicular  foot  by  which 
the  depth  is  increased  exceed  the  rate  or  sum  of 

42.  And  so  in  like  manner  and  proportion  for  any  dimi- 

nution of  deptii,  as  aforesaid,  by  which  the  fouridationii 
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of  any  of  the  piers  of  the  bridge  are  lesaened  in  the 
specified  depth,  a  rateable  dedoaiion  shall  be  made  per 
Tertical  foot  at  the  rate  of 
43.  If  instead  oi  the  conpled  pilasters,  with  their  base- 
ments, entablatures,  and  connecting  works,  the  re- 
taining walls,  cornice,  and  parapet  walls  be  continued 
and  extended  throoghout  the  elevation  (^  the  bridge 
in  a  plain  form,  such  alteration  will  form  a  deduction 
upon  the  contract  price,  amounting  to  the  sum  of 

Note. — All  charges  for  extra  work  specified  in  the  abore  sdiedole 
for  any  operation  or  article  referable  to  laboor  or  materials  necessary 
for  protecting  -works  of  this  kind,  thoo^  not  enomerated  and  ex- 
pressed, are  understood  to  be  provided  for  and  covered  in  the  charges 
respectively  specified  in  the  schedule,  or  otherwise  kit  to  the 
nation  of  the  engineer. 

(Signed  and  dated  by  the  Ofiferer.) 
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THE  MATHEMATICAL  PRINCIPLES 


OF 


MR.   DREDGE'S   SUSPENSION   BRIDGE. 


A  NOVEL  and  elegant  principle  has  lately  been  adopted  in  the 
construction  of  Suspension  Bridges^ — a  principle  which  promises 
to  be  of  the  greatest  utility  and  importance,  both  as  regards 
the  quantity  of  material  employed,  and  the  stability  and 
strength  which  it  confers  upon  the  structure. 

One  of  the  distinguishing  features  of  this  very  ingenious 
invention,  which  is  due  to  Mr.  Dredge,  of  Bath,  consists  in 
making  the  chains  of  sufficient  magnitude  and  strength  at  the 
points  of  suspension,  to  support  with  safety  the  greatest  per- 
manent and  contingent  load,  to  which,  under  the  circumstances 
of  locality,  they  are  ever  likely  to  be  exposed ;  and  from  thence, 
to  taper  or  diminish  them  gradually  to  the  middle  of  the  bridge, 
where  the  strain  becomes  essentially  evanescent. 

The  gradual  diminution  of  the  chains,  however,  is  not  the 
only  circumstance  which  characterizes  this  mode  of  construc- 
tion, and  marks  its  superiority  over  the  methods  employed 
by  other  engineers.  The  suspending  rods  or  bars  that  support 
the  platform  or  road-way,  instead  of  being  hung  vertically  or 
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at  right  angles  to  the  plane  of  the  horizon,  are  indined  to  it 
in  angles  which  vary  in  magnitude  from  the  abutments  to  the 
middle  of  the  bridge,  where  the  obliquity,  as  well  as  the  stress 
upon  the  chains,  attains  its  minimum  value. 

The  principle  developed  by  this  obliquity  of  the  suspending 
rods  is  singulariy  beautiful ;  but  much  judicious  management 
is  necessary  on  the  part  of  the  engineer,  to  fix  upon  that  degree 
of  obliquity  which  shall  produce  the  greatest  effect.  ELach  bar 
is  considered  to  perform  its  part  in  supporting  the  load,  in  pro- 
portion to  its  distance  from  the  abutment,  drawn  into  the  sine 
of  the  angle  of  its  direction,  so  that  the  entire  series  of  sus- 
pending bars,  transmits  the  same  tension  to  the  points  of  sup- 
port as  would  be  transmitted  by  a  single  bar  reaching  from 
thence  to  the  middle  of  the  bridge. 

If  this  individual  bar  be  considered  as  a  straight  inflexible 
line,  the  principles  of  calculation  are  identical  with  those  of  a 
lever  when  sustained  in  equilibrio  by  a  single  force  applied 
at  the  remote  extremity,  and  acting  in  the  direction  of  the 
sustaining  bar.  But  when  the  bar  is  curved  or  polygonal,  as 
it  necessarily  must  be  in  the  case  of  a  chain  employed  in  the 
actual  construction  of  a  bridge,  the  process  becomes  a  little 
more  complicated,  since  it  requires  all  the  composant  forces  to 
be  referred  to  the  several  portions  of  the  chain  as  resultants ; 
we  mean  such  portions  of  it  as  are  comprehended  between  any 
two  contiguous  bars.  In  every  other  respect,  the  principles 
which  regulate  the  calculations  are  the  same;  and  for  this 
reason,  it  will  be  sufficient  to  establish  the  theory  in  reference 
to  the  straight  line  only,  since  the  reader  who  is  familiar  with 
the  Composition  and  Resolution  of  Forces,  will  find  no  difficulty 
in  extending  the  process  to  a  curve,  and  he  who  is  not,  will 
derive  but  little  benefit  from  a  perusal  of  the  subject  which  is 
now  to  be  laid  before  him. 

Nothing  can  be  more  simple  than  the  doctrine  of  the  lever. 
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when  sustained  in  equilibrio  by  a  single  force  applied  at  a 
given  point,  and  acting  in  a  given  direction :  this  is  explained 
in  every  treatise  on  the  principles  of  mechanical  science,  and  is 
consequently  within  the  reach  of  every  individual  connected 
with  that  or  kindred  pursuits :  but  a  more  important  case  of 
the  problem  remains  to  be  considered,  viz.,  that  in  which  the 
equilibrium  is  maintained  by  a  system  of  forces  applied  at  dif- 
ferent points  in  the  length  of  the  lever,  and  acting  in  different 
directions  with  respect  to  the  horizon.  This  is  the  case  that 
becomes  assimilated  to  a  suspension  bridge,  when  the  chains 
and  suspending  rods  are  simultaneously  called  into  action  in 
such  a  manner,  that  their  joint  eflfects  shall  be  competent  to 
maintain  the  system  in  a  state  of  balanced  rest. 

In  the  case  of  a  single  force  applied  at  the  remote  extremity 
of  the  lever,  and  having  its  direction  inclined  to  the  horizon  in 
a  given  angle,  while  the  load  is  applied  at  the  middle  of  the 
length,  and  acting  in  the  direction  of  gravity.     Let  AF  (fig.  1) 

Fig.  1. 


be  a  lever,  haAdng  one  extremity  resting  on  the  fulcrum  at  F, 
and  conceive  it  to  be  sustained  in  equilibrio  by  a  power  or 
force  p  applied  at  A  the  other  extremity,  and  acting  in  the  di- 
rection A  P. 

Conceive  the  lever,  thus  circumstanced,  to  be  a  heavy  and 
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periecidj  inflezibk  bar,  of  nnifonn  figure  and  dennty  in  aU  its 
parts,  and  suppose  the  idiole  of  its  weight  to  be  aocamnlatod 
in  G  the  centre  of  grayity ;  it  is  then  reduced  to  the  case  of  m 
/Straight  inflexible  lerer  Toid  of  weight,  and  haying  a  kiad  of 
giren  magnitode  applied  at  its  middle  point. 

From  the  folcram  F  draw  the  straight  line  F  D  perpendicular 
to  A  P,  the  direction  of  the  sustaining  force ;  then,  by  the  prin- 
ciples of  plane  trigonometry,  we  have  the  following  propor- 
tion, viz., 

rad.  :  sin.  <  FAD::  FA:  FD. 

Or,  by  reducing  the  analogy  and  making  radius  =  1,  it  is 

F  D  =  F  A  .  sin.  <  F  A  D. 

Now,  F  D  is  the  perpendicular  distance  between  the  fulcmin 
and  the  direction  in  which  the  force  acts ;  consequently,  by  the 
property  of  the  lever, 

T?i€  power  acting  in  the  direction  W,  is  to  the  weight 
acting  in  the  direction  of  gravity  y  as  the  distance  VG  is 
to  the  distance  F  D.  That  is,  the  power  and  the  weight 
are  reciprocally  as  the  distances  F  G  and  F  D. 

Let/>=the  magnitude  of  the  force  which  is  applied  at  A,  and 
acting  in  the  direction  A  P, 

d=AF,  the  whole  length  of  the  lever,  or  the  distance  from 

n 

the  fulcrum  of  the  point  at  which  the  force  acts, 
1^  =  F  A  P,  the  angle  of  direction,  or   that   contained  be- 

n 

tween  the  plane  of  the  horizon  and  A  P  the  direction 
of  the  force, 

M;=the  weight  of  the  lever  or  platform,  supposed  to  be 
concentrated  at  G  the  middle  of  its  length, 

d  =  ^  d  =  F  G,  the  distance  between  the  fulcrum  and  the 

n 

point  where  the  weight  acts. 
Then,  by  the  property  of  the  lever  just  enunciated,  the  state  of 
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equilibrium  in  tenns  of  our  notation  iis  expressed  by  the  fol- 
lowing analogy,  viz., 

p  :  w  :  :  d  :  d  sin.  <f> . 

n  n 

Therefore,  by  multiplying  extremes  and  means,  the  eqttation  of 

condition  is 

pd  sin.  <f>  =  dw,  (A) 

n  n 

And  by  division,  the  value  of  the  suspending  power  becomes 

ft 
p^^  ,w cosec.  <l> .  (B) 

d  n 

n 

Now,  by  the  principles  of  mechanics,  the  eflfect  must  obviously 
be  the  same  at  whatever  point  in  the  line  A  P  the  force  may  be 
applied ;  so  that,  if  A  P  be  a  cord  or  chain  supporting  the 
weight  w  by  its  tension,  the  measure  of  that  tension  is  the 
same  at  every  point,  provided  that  its  inclination  in  respect  of 
the  horizon  is  constantly  the  same.  And  if  P  be  a  point  ver- 
tically situated  with  respect  to  the  fulcrum  F,  let  the  cord  or 
chain  A  P  be  suspended  at  P,  in  such  a  manner  as  to  be  kept 
perfectly  tight  by  the  strain  which  is  excited  in  maintaining  the 
equilibrium;  then  the  value  of  the  strain  upon  the  point  of 
suspension  at  P  is  expressed  by  equation  (B). 

Reverting  to  the  equation  of  condition,  and  substituting 
Jrf  for  d,  the  expression  for  the  state  of  equilibrium  becomes 

n 

p  sin.  <f>^=^w,  (C) 

n 

or,  by  division,  we  obtain  for  the  equilibrating  power, 

p  z=  \tv  cosec.  <j) .  (D) 

n 

This  expression  for  the  measure  of  the  power  which  main- 
tains the  system  in  a  state  of  rest  is  exceedingly  simple ;  but 
being  limited  to  the  case  where  the  weight  acts  at  the  middle  of 
the  lever,  and  the  sustaining  power  at  the  remote  extremity,  it 
will  be  more  advantageous  in  our  subsequent  inquiries  to  retain 
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the  ^neral  value^  as  expressed  above,  in  terms  of  the  respective 

distuiiees  d  and  d ;  because^  in  as  far  as  the  lever  is  concerned^ 

fi 

the  symbol  d  may  partake  of  all  values  less  than  rf,  the  entire 

length  of  the  bar  on  which  the  forces  act. 

If  the  power  JO,  instead  of  acting  in  the  direction  AP  oblique 
to  the  horizon,  should  act  in  the  direction  AH  perpendicular 
to  it,  then  <  F  A  H  =<^  =90°,  and  cosec.  <^  =  I ;  in  which  case 

n  n 

we  have 

p  =  iw,  (E) 

This  is  manifest ;  for  one  half  the  weight  is  sustained  by  the 
fulcrum,  and  the  other  half  by  the  power  applied  at  A. 

In  what  precedes,  we  have  estabUshed  the  equation  of  con- 
dition by  reference  to  the  principles  of  the  lever  only ;  but  the 
same  thing  can  readily  be  accomplished  by  the  Resolution  of 
Forces,  and  by  the  same  means  we  at  once  obtain  the  mag- 
nitude of  the  oblique  strain  upon  the  fulcrum  or  abutment,  and 
also  the  horizontal  thrust.  Through  the  point  G  (fig.  1)  draw 
the  straight  line  G  </  at  right  angles  to  A  F,  and  meeting  A  P 
the  direction  of  the  power  in  d.  Draw  d  F  and  D  G,  and  from 
the  point  d  on  the  vertical  line  d  G  set  off  df  at  pleasure,  to 
denote  the  magnitude  of  the  weight  w  acting  in  the  direction  of 
gravity.  Upon  df  complete  the  parallelogram  d/g  h,  and  /ff 
or  dh  will  represent  the  magnitude  of  the  force  in  the  direc- 
tion A  P,  while  the  diagonal  dg  denotes  the  oblique  pressure 
on  the  fulcrum,  or  the  magnitude  of  the  force  in  the  direc- 
tion d  F. 

Since  the  angles  A  D  F  and  AG  d  are  right  angles  by  con- 
struction, the  quadrilateral  figure  YT>  d  G  can  be  inscribed 
in  a  circle,  and  because  the  angles  F D  G  and  F dG  are  sub- 
tended by  the  same  chord  F  G,  they  are  equal  between  them- 
selves ;  the  angles  D  F  G  and  d/g  are  also  equal,  each  of  them 
being  equal  to  the  complement  of  the  given  angle  P  A  F.    Con- 
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sequently,  the  triangles  F  D  G  and  fdg  are  similar,  and  their 
homologous  or  corresponding  sides  proportional ;  so  that 

FD:/rf::  YGifg. 

Now  FD,  as  we  have  already  seen,  is  equal  to  FA  .  sin. 
<  FAD  =  rf  sin.  <^,  andyrf  =  M7,  FG  and /ff  being  respec- 

n  n 

tively  represented  by  the  symbols  d  and  j9 ;  hence  we  get 

d  sin.  <l>  :  w  :  :  6  :  p, 

n  n 

from  which,  by  equating  the  products  of  the  extremes  and 
means,  we  obtain 

pd  sin.  <f>  =^dw ,  (the  same  as  equation  A). 

n  n 

In  the  plane  triangle  d/g  we  have  given  the  two  sides  d/ 
and  fg^  with  the  contained  angle  d/gy  to  find  the  third  side 
d g;  and  for  this  purpose,  a  well  known  theorem  in  plane 
trigonometry  gives 

dg=:\w^  +  p^-'2wp  sin.  4>  \^  (F) 

But,  according  to  equation  (B),  the  value  of  p  in  terms  of 

ft 
rf,  d,  w  and  <j>  is  -j.w  cosec.  (f>;  and  consequently,  its  square  is 

n 

_. .  M?^  cosec*  0  ;  therefore,  by  substituting  these  values  for  p 
d^  » 

n 

andj9*  within  the  brackets,  we  get 


1  +  —  cosec.2  (f)  — —  cosec.  </>  sin.  (p  . 

CL  fi        Q  n  n 

n  n 

By  the  principles  of  trigonometry,  the  cosecant  of  any  arc  or 
angle  to  radius  unity,  is  the  same  as  the  reciprocal  of  the  sine 
to  the  same  radius ;  hence  we  have  cosec.  <f>  sin.  <^  =  1,  so  that 


n 


the  expression  for  the  oblique  thrust  becomes 


=  ^      /rf2  -  2  rf  a  +  82  cosec.2  </> .  (G) 

d  '\/       n  n  n 
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Where  the  symbol  r  denotes  the  resultant  of  the  weight  or  load 
w  and  the  oblique  force  p^  and  corresponds  in  magnitude  and 
direction  to  the  oblique  thrust  on  the  fulcrum  at  F. 

There  is  still  another  quantity  remaining  to  be  determined, 
the  magnitude  of  which  may  sometimes  be  required  in  a  case 
of  actual  construction ;  we  mean  the  horizontal  thrust  upon  the 
abutment,  occasioned  by  the  joint  effects  of  the  weight  and  the 
oblique  power,  when  exerting  themselves  with  full  intensity  in 
their  respective  directions. 

LfCt  dff  (fig.  1),  which  represents  the  oblique  thrust  upon  the 
abutment,  be  resolved  into  the  two  forces  de  hndge,  the  one 
of  them  being  parallel  to  the  horizon,  and  the  other  perpen- 
dicular to  it;  then  it  is  obvious  that  in  so  fEur  as  the  thrust 
upon  the  abutment  is  concerned,  the  effect  of  the  vertical  force 
is  wholly  lost,  that  of  the  horizontal  force  only  being  employed 
in  producing  the  strain. 

Since,  by  construction,  the  straight  line  de  is  parallel  to  AF, 
the  angle  hde  is  equal  to  the  angle  PAF=:<^  ,  and  we  have 

already  seen,  equation  (B),  that  fg  or  its  equal  dhis  expressed 

ft 
by  -^ .  U7  cosec.  (f> ;  therefore  by  the  principles  of  plane  trigo- 


nometry we  get 


rad.  :  —  .  IT  cosec.  (f>  :  :  cos.  (f>  :  de, 

d  n  n 


Therefore,  if  A  be  put  to  denote  the  horizontal  thrust  upon 
the  abutment,  the  reduction  of  the  above  proportion  will  give 


^  =  — .  IT  cosec.  6  COS.  d) . 
d  r         r 


n  n 


But,  according  to  the  calciJus  of  sines,  the  product  of  the 
cosine  and  cosecant  of  any  arc  or  angle  is  equal  to  the  co- 
tangent ;  hence  we  have  cosec.  4>  cos.  <f>  =  cot.  <f> ,  from  which. 
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ft 

A  =       t(7  cot.  <l> .  (H) 

d  n 

1ft 

It  therefore  appears  that  the  equations  (B),  (G),  and  (H), 
exhibit  the  several  particulars  required  in  and  arising  from  the 
equilibration  of  a  lever;  and  in  order  that  these  particulars 
may  be  clearly  understood^  we  shall  now  proceed  to  show  in 
what  manner  the  equations  are  to  be  reduced,  by  applying 
them  to  the  resolution  of  a  numerical  example. 

Example. — Suppose  the  length  of  a  lever  to  be  56  feet, 
each  foot  in  length  being  equal  to  a  weight  of  40*56  fbs.  avoir- 
dupoise ;  now,  if  one  extremity  of  this  lever  rests  upon  a  ful- 
crum, while  it  is  sustained  in  equilibrio  by  a  force  applied  at 
the  other  extremity,  and  acting  in  a  direction  which  makes  an 
angle  of  32  degrees  with  the  horizon ;  what  is  the  magnitude  of 
the  sustaining  force,  and  what  are  the  thrusts  excited  upon  the 
fulcrum,  both  in  reference  to  the  oblique  and  horizontal  di- 
rection ? 

The  first  demand  of  this  question  is  fulfilled  by  equation  (B), 
the  second  by  (G),  and  the  third  by  (H) ;  in  all  of  which,  the 
value  of  ^  is  28  feet,  being  equal  to  one  half  the  length  of  the 
lever.  And  since  the  system  is  placed  imder  the  same  con- 
ditions as  it  would  be,  if  a  load  equivalent  to  the  weight  of  the 
lever  were  applied  at  its  centre  of  gravity,  the  lever  itself  being 
then  considered  as  without  weight,  it  follows  that 

M?  =  56  X  40-56  =  2271-36  ibs. 

Since  the  angle  of  direction  of  the  suspending  power  is  32 
degrees,  its  natural  cosecant  is  1*88708,  and  the  numerical 
expression  for  the  magnitude  of  the  power  by  which  the  equi- 
librium is  maintained  is 

28  X  2271-36  x  1-88708     „, .«  io«< 
p  = . =  2143-12  lbs. 

^  56 

The  logarithmic  process  for  the  reduction  of  this  expression  is 
as  follows,  viz.. 
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a  =  28  feet log.  1-4471580^ 

»=  227 1-36*8 log.  3-3562859 

0  =  32  degrees log.  cosec.  0*2757903^ 

n 

(f  =  56  feet     ......     .  ar.  co.  log.  8*2518120 


add. 


Therefore  the  value  of/?,  the  eqoilibrating  power* 

is2143'12!b8 log.      3*3310462  sum. 

Hence  it  appears,  that  a  power  of  2143*12  ffis.,  acting  at  the 
remote  extremity  of  the  lever,  and  having  its  direction  inclined 
to  the  horizon  in  an  angle  of  32  degrees,  will  balance  a  load  of 
2271*36  tbs.  applied  at  the  middle  of  the  length,  and  acting  in 
the  direction  of  gravity,  the  lever  itself  having  no  weight. 

The  data  remaining  as  above,  the  numerical  expression  for 
the  value  of  the  oblique  thrust  on  the  abutment  is 

2271 


r  = 


;^  I  562  -  2  X  56  X  28  +  282  X  188708  «  j  * 


56 

By  a  slight  examination  of  the  quantities  within  the  brackets, 
it  will  readily  appear  that  the  second  or  negative  term  is  pre- 
cisely equal  to  that  which  precedes  it;  consequently,  they 
destroy  one  another,  and  the  expression  reduces  to  the  fol- 
lowing, viz., 

^^  2271:36x28x1:88708^  2,^3. j2^^ 

56 

From  this  we  infer  that  when  the  load  is  appUed  at  the 
middle  of  the  lever,  and  the  balancing  power  at  the  remote 
extremity,  the  magnitude  of  the  oblique  thrust  on  the  fulcrum 
is  precisely  the  same  as  the  magnitude  of  the  sustaining  power. 
This  is  also  manifest  from  the  figure;  for  the  triangle  gdh  or 
dff/is  isosceles. 

Finally,  the  data  still  remaining,  the  numerical  expression 
for  the  magnitude   of  the   horizontal   thrust  on  the  fulcrum 
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XUl 


Where  1  •6003345  is  the  natural  cotangent  of  32  degrees ;  hence 
the  following  logarithmic  process, 
d      28 


d      56 

n 


log.  9-6989700 


10  =  2271-36 log.  3-3562859 

0  =  32'' log.  cot.  0-2042108 

n  

Therefore  the  value  of  h,  the  horizontal  thrust,  is 

1817-47ibs log.  3-2594667  sum. 

The  preceding  investigation  has  reference  only  to  the  weight 
of  the  lever  or  platform,  which  is  constantly  the  same;  but 
in  the  case  of  a  bridge,  this  constancy  of  weight  cannot  obtain 
by  reason  of  the  transit  loads  to  which  it  is  exposed ;  and  as 
the  loads  of  transit  are  continually  varying  their  distances 
from  the  fulcrum,  and  thereby  producing  different  effects  at 
every  instant,  it  becomes  necessary,  in  order  to  render  our 
investigation  complete,  to  show  in  what  manner  these  effects 
are  to  be  estimated,  and  incorporated  with  the  effect  produced 
by  the  weight  of  the  platform. 

Let  w  (fig.  1"),  denote  the  weight  equivalent  to  that  of  the 

Fig.  1«. 


platform,  applied  at  G  the  centre  of  gra\'ity  or  middle  point 
of  the   lever,  and  let  w'   be  any  other  load   applied   at   the 
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Then  it  is  manifest,  from  the  principles  of  the  lever,  that  the 
two  weights  w  and  w'  will,  according  to  their  situations,  per- 
form the  same  office  in  equipoising  the  system,  as  would  be 
performed  by  a  single  weight  equivalent  to  their  simi  applied 
at  E  their  common  centre  of  gravity,  and  acting  in  a  direction 
perpendicular  to  the  horizon.  Divide  the  distance  G  H  into 
two  parts  G  E  and  H  E,  which  are  to  one  another  reciprocally 
as  the  weights  applied  at  G  and  H ;  then  is  E  the  position  of 
the  load,  which  is  equivalent  to  w  -\-  tD\  Through  the  point  E, 
and  perpendicular  to  F  A,  draw  the  straight  line  E  K,  meeting 
A  P  in  K ;  and  let  F  D  be  perpendicular  to  A  P.  Draw  D  E 
and  F  K,  and  upon  K  E  set  off  Ky^  equal  to  the  compound 
load  w-k-u/y  and  complete  the  parallelogram  K/gh;  then 
will  fff  or  K  A  denote  the  force  in  direction  A  P,  and  K  g 
the  oblique  pressure  on  the  fulcrum  at  F,  arising  from  the 
conjoint  action  of  the  constant  weight  to  and  the  extraneous 
weight  w\  Through  the  point  K  draw  Ke  at  right  angles 
to  hffy  and  K  e  will  denote  the  horizontal  thrust  upon  the 
fulcrum,  produced  by  the  conjoint  action  of  the  two  forces 
already  specified ;  and  if  the  load  u/  should  move  forward 
or  backward  to  any  other  point  of  the  lever,  the  same  mode 
of  construction  will  still  apply,  so  that  the  principle  is  general, 
whether  the  load  be  constant  or  variable. 

If  the  symbol  d  denote  the  distance  F  E  between  the  ful- 
crum F  and  the  common  centre  of  gravity  of  the  two  weights 
w  and  w%  the  other  quantities  remaining  as  before,  then  the 
equation  of  condition  for  the  constant  and  variable  load  be- 
comes 

p  d  sin.  </)  =  d  (tt?  -f  m/),  (H«) 

fi  n 

and  the  absolute  value  of  the  force  in  direction  A  P  is 

p  =  —.{w-^w')  cosec.  (f> .  (H*) 

d  n 

n 

In  the  next  place,  instead  of  the  lever  being  sustained  in 
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equilibrio  by  a   single  power  p,  applied  at  A  and  acting  in 
the  direction  A  P  (fig.  2)^  let  us  suppose  that  the  equilibrium  is 

Fig.  2. 


A^ 


produced  by  the  joint  effects  of  two  forces  b  and  a,  the  one 

0  0 

being  applied  at  A  the  extremity  of  the  lever,  and  acting  in  the 
direction  A  P,  while  the  other  is  applied  at  some  intermediate 
point  of  the  lever,  as  C,  and  acting  in  the  direction  C  B,  the 
angles  of  inclination  P  A  F  and  B  C  F  being  respectively  de- 
noted by  the  symbols  <j>  and  0,  while  the  distances  A  F  and 

n  0 

C  F  are  indicated  by  d  and  rf,  the  symbol  d  being  the  same  as 

in  the  preceding  case;  namely,  the  distance  between  the  ful- 
crum and  the  point  where  the  weight  acts ;  that  is,  the  distance 
GF. 

LfCt  the  point  C,  at  which  the  subsidiary  force  a  is  applied, 

0 

lie  between  the  points  A  and  G ;  that  is,  between  the  middle  of 
the  lever  and  its  extreme  point  at  A;  then,  since  the  mag- 
nitude of  the  weight  w  and  its  distance  from  the  fidcrum 
are  the  same  as  before,  its  effect  upon  the  lever  will  manifestly 
be  the  same  also,  and  consequently  the  joint  effects  of  the  two 
forces  b  and  a,  which  produce  the  equilibrium  in  this  case,  will 
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be  equivalent  to  the  effect  of  the  single  force  p,  by  which  it  was 
previously  produced. 

But  by  the  laws  of  mechanics  the  effect  of  any  force  which 
acts  upon  a  lever  at  a  given  distance  from  the  fulcrum^  and  in  a 
given  direction, — 

Is  expressed  by  the  magnitude  of  the  given  force,  drawn 
into  the  distance  between  the  fulcrum  and  the  point 
at  which  it  acts,  and  again  into  the  sine  of  the  angle 
of  its  direction. 

We  have  already  seen,  equation  (A),  that  the  effect  of  a 
single  force  which  balances  the  weight  of  the  lever  is  expressed 
by  pd  sin.  0 ;   this,  therefore,  is   the   quantity  to  which  the 

n  n 

effects  of  the  forces  b  and  a,  now  balancing  the  weight,  must  be 

0  0 

equal,  and  with  which  they  must  jointly  be  compared. 

Now,  by  the  property  of  the  lever  as  above  enunciated, 
the  effect  of  the  force  b  applied  at  A,  and  acting  in  the  direction 

0 

A  P,  is  A  rf  sin.  0,  the  distance  A  F  and  angle  P  A  F  being  the 

On  n 

same  as  before.     And  in  like  manner  the  effect  of  the  force  a 

0 

applied  at  the   point   C,   and  acting   in   the   direction   C  B, 
is  a  d  sin.  <}> ;  consequently,  by  taking  the  sum  of  these  effects, 

0     0  0 

the  equation  of  condition  or  equilibrium  in  the  case  of  two 
sustaining  forces  becomes 

a  d  sin.  (f)  -\-  b  d  sin.  (t)=p  d  sin.  <j>. 

00  OOn  n  n  n 

But  by  equation  (A)  we  have  p  d  sin.  i^  =  5  m;  ;  consequently, 

n  n 

by  substitution,  we  obtain 

a  d  sin.  (fy  -{•  b  d  sin.  <p  =  B  w,  (I) 

0   0  OOn  n 

The  composition  of  this  equation  is  very  simple ;  for  from  the 
fulcrum  F  draw  the  straight  lines  F  D  and  F I  respectively  per- 
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act.     Then,   since  A  F  =  d   and    C  F  =  d,  while    the   angles 

n  0 

PAF  and   BCF   are   respectively  denoted  by  the   symbols 
<l>  and  (f>f  it  follows  from  the  principles  of  plane  trigonometry, 

n  0 

that 

F  D  =  rf  sin.  </»  ,  F I  =  d  sin.  <f>  . 

n  n  0  0 

And  multiplying  these  distances  by  the  magnitudes  of  the  re- 
spective powers,  the  products  will  indicate  the  mechanical  effects, 
and  the  sum  of  those  effects  must  be  equal  to  the  magnitude  of 
the  weight  w  drawn  into  the  distance  F  G ;  and  this  equality 
constitutes  the  equation  of  condition  or  equilibrium  given  above. 
If  we  transpose  the  first  term  of  equation  (I),  the  effect  of 
the  force  b  becomes 

0 

b  d  sin.  <f>  =^  b  w  —  a  d  sin.  </>  , 

0  n  n  GO  0 

and  by  division  we  obtain 

8  w  —  a  d  sin.  <j)  , 


0   0 


*  =  ^     •        A. 

0  a  sm.  (p 


n  n 


But,  according  to  the  calculus  of  sines,  the  sine  and  cosecant 
of  any  arc  or  angle  to  radius  unity  are  reciprocally  equal ;  con- 
sequently, a  more  elegant  expression  for  the  magnitude  of  b  is 

0 

that  which  follows,  viz., 

fbw  —  ad  sin.  0  \  cosec.  </> 

h-^  ^  ^  ^^ !L.  (K) 

0  d 

n 

This  supposes  the  magnitude  of  the  force  a  ,  as  well  as  all  the 

0 

other  quantities  composing  the  equation  except  6,  to  be  known ; 

0 

but  if  A  be  the  given  force,  the  equation  expressing  the  value  of 

0 

a  becomes 

0 

/b  w  —  b  d  sin.  </»  \  cosec.  <f> 

a  =  ^^ »"  "^ ?-.  (L) 

0  d 
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If  the  equations  (B)  and  (K)  l>e  compared  with  each  other, 
it  will  readily  ajipear  that  the  former  exceeds  the  latter  by  the 


X  cosec.  0  ;  for  it  is  obnous  tJiat 
/b«—a  rfain.  <p  \ cosec.  0      arfsin.^  cosec. ^ 


We  therefore  infer,  that  in  tlie  case  of  a  single  subsidiary 
force  a,  as  in  fig.  2,  the  tension  upon  the  cord  or  chain  A  P  is 

less  than  the  tension  in  fig.  1,  by  the  quantity 


so  that  the  diameter  or  section  of  the  cord  or  chain  may  be 
diminished  in  the  same  proportion,  the  force  in  the  direction 
C  B  diminishing  the  stnun  to  that  extent. 

If  the  force  a ,  which  is  applied  at  the  point  C,  have  its 

direction  perpendicular  to  the  length  of  the  lever  A  F ;  then 
sin.  0=1,  and  the  effect  in  that  case  is  simply  a  d  instead  of 

a  d  sin.  ift ,  and  the  corresponding  value  of  b  is  therefore 


.e-Y.y 


(M) 


If  the  equations  (B)  and  (M)  be  now  compared  with  each 
other,  it  will  be  seen  that  the  former  exceeds  the  latter  by  the 

a  d  cosec.  ^ 
quantity  -?_? ? ;  for,  by  subtraction,  it  is 


i'—'fy 


a  d  cosec.  > 


Now,  when  the  angle  of  inclination  0  is  of  any  magnitude 
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whatever  less  than  90  degrees  or  a  right  angle,  sin.  (f>  is  less 

0 

than  unity,  and,  consequently,  this  last  remainder  is  greater 

a  d  cosec.  0 
than  the  former  by  the  quantity  -^-^ — ^ —  A  —  sin.  <^  ^ ;  for 

n 

by  subtraction  we  get 

a  d  cosec.  </>        ad  sin.  </>  cosec.  </>        ad  cosec.  </> 

.-(l-sin.,^). 


00  nOO  o  n  0    0 


n 


From  this  we  infer  that  when  the  direction  of  the  force  a  is 

0 

perpendicular  to   the   lever,  the  magnitude  of  the  force  b  in 

0 

direction  AP  necessary  to  maintain  the  equilibrium,  is  less 
than  when  the  direction  of  the  force  a  is  oblique.     This  in- 

0 

ference,  at  first  sight,  would  seem  to  be  at  variance  with  the 
principles  insisted  on  by  Mr.  Dredge ;  and  it  manifestly  is  so,  if 
we  conceive  the  vertical  and  oblique  forces  to  be  applied  at  the 
same  point  of  the  lever ;  but  if  we  suppose  them  to  be  referred 
to  the  same  point  of  the  cord  or  chain  A  P,  the  case  will  be 
very  different;  for  then  the  quantity  indicated  by  the  symbol 
d  diminishes,  and  the  quantity  of  diminution  is  proportional  to 

0 

the  cosine  of  the  inclination  or  obliquity.  For,  draw  the  per- 
pendicular E  H,  then  C  F  is  the  length  of  the  lever  in  the  case 
of  the  oblique  force  in  direction  C  E,  and  H  F  its  length  for 
the  vertical  force  in  direction  H  E ;  but  CH  =  CF  —  HF,  and 
CH  =  CE  COS.  0;   for,  by  the  principles   of  plane  trigono- 

0 

metry,  it  is 

rad.  :  C  E  :  :  cos.  (j)  :  C  H  =  C  E  cos.  </> . 

0  0 

In  this  equation,  however,  the  quantity  C  E  is  still  unknown, 
but  it  may  be  determined  in  the  following  manner : 
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and  by  the  property  of  the  plane  triangle,  as  demonstrated  in 
the  32nd  proposition  of  the  first  book  of  Euclid's  Elements  of 
Geometry,  the  angle  E  C  F  is  equal  to  the  sum  of  the  angles 
E  A  C  and  A  E  C ;  therefore  by  transposition  it  is 

A  EC  =  </>  — </» . 

0  n 

and  by  trigonometry  we  have 

sin.  (^<f)  —  <f>  \  :  d  —  d  :  :  sin.  <f>  :  C  E, 

and  by  reducing  the  analogy  it  becomes 

fd  —  d\  sin.  <f> 

C  E  =  ^^-^? '-^ ^.  (N) 

sin.  f<p  —  <p  \ 

Let  this  value  of  C  E  be  substituted  instead  of  it  in  the 
above  value  of  C  H,  and  we  obtain 

^d  —  d\  sin.  (j)  COS.  </> 

C  H  =  ^  "    .  ""^ ^-- ?.  (O) 

sm.  (<p  —  <t>  ) 

By  a  well  known  theorem  in  the  calculus  of  sines,  we  have 
sin.  (^(f)  —  (f)  \  =z  sin.  <p  cos.  </>  —  cos.  (f>  sin.  </>  ; 

^    0  n^  On  On 

therefore,  by  substitution,  we  get 

/rf  —  rf  ^  sin.  <^  cos.  </) 

Co  ^    n         0^  n  0 

sm.  9  COS.  <p  —  COS.  9  sm.  9 

On  On 

and  by  expunging  the  factor  sin.  </>  cos.  (f>  from  both  terms  of 

n  0 

the  fraction,  it  finally  becomes 

d-d 

C  H  = " ^- :  •  (P) 

tan.  9  cot.  9—1 

0  n 

If  from  C  F  the  leverage  for  the  oblique  force  in  direction 
C  B,  we  subtract  the  value  of  C  H,  as  found  above,  the  re- 
mainder  H  F  will  be   the   leverage  for  the   vertical  force  in 
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d  tan.  <(}  cot.  <f>  —  d 

HF=-5 ? 5 !?.  (Q) 

tan.  </)  cot.  </)  —  1 

0  n 

When  the  value  of  the  distance  H  F,  as  found  above,  is  less, 
equal  to,  or  greater  than  F  I  =  d  sin.  </>,  the  effect  of  the  ver- 

0  0 

tical  force  will  be  less,  equal  to,  or  greater  than  that  of  the 
oblique  force;  by  this  we  mean,  that  the  magnitude  of  the 
force  being  the  same  in  both  cases,  its  effect  in  the  vertical 
direction  will  be  less,  equal  to,  or  greater  than  its  effect  in  the 
oblique  direction,  according  as  H  F  is  less,  equal  to,  or  greater 
than  F  I. 

Since  E  is  a  fixed  point  through  which  the  directions  of  both 
the  vertical  and  oblique  forces  must  pass,  it  follows  that  while 
the  distance  F  H  is  constant,  the  distance  F  C  may  partake  of 
all  magnitudes  between  F  A  and  F  H,  while  the  angle  E  C  F 
may  librate  between  the  angles  F  H  E  and  F  A  P ;  that  is,  it 
may  vary  from  a  right  angle  to  <^,  wliich  is  its  minimum  limit. 

n 

From  this  view  of  the  subject  it  is  obvious  that  the  per- 
pendicular F I  depends  upon  the  magnitude  of  the  angle  E  C  F ; 
and  because  the  point  C  may  move  either  towards  A  or  H, 
while  the  straight  line  C  B  passes  constantly  through  E,  it 
follows,  that  the  incKnation  admits  of  such  a  magnitude  as  to 
give  the  force  in  the  direction  C  B  a  maximum  effect ;  that  is, 
when  d  sin.  <^  is  a  maximum  or  the  greatest  possible. 

0  0 

The  method  of  determining  the  angle  which  gives  to  the 
obUque  force  its  maximum  effect  is  very  simple ;  but  if  such  a 
principle  were  adopted  in  the  construction  of  suspension  bridges, 
the  results  in  many  instances  would  differ  very  widely  from  the 
practice  of  the  inventor,  and  especially  as  applied  to  the  sus- 
pending rods  in  the  Victoria  Bridge  across  the  Avon  at  Bath. 

From  drawings  which  we  have  seen  of  that  structure,  it 
would  appear  that  the  angles  of  direction  diminish  according  to 
some  law,  as  we  recede  from  the  abutments  towards  the  centre 
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of  the  bridge ;  but  ia  making  the  obliquity  such  as  to  give  the 
force  in  any  direction  its  maximum  effect,  the  angles  con- 
tinually increase  instead  of  decreasing,  as  will  become  manifest 
from  the  following  constructions. 

Let  A  F  (fig.  3)  be  a  lever  resting  on  the  fulcrum  at  F,  and 
Fig.  3. 


sustained  in  equilibrio  by  a  cord  or  chain  applied  at  A,  and 
fastened  to  a  hook  or  some  other  immoveable  object  at  P. 

Let  E  be  any  point  in  the  length  of  the  cord,  at  which  a 
subsidiary  force  is  to  be  applied  in  order  to  lessen  the  strain 
upon  A  E,  the  lower  portion  thereof.  The  point  C  is  required, 
so  that  C  E  being  joined,  a  given  force  acting  in  the  direction 
C  E  may  produce  a  maximum  effect. 

Draw  the  straight  line  F  E  to  connect  the  fulcrum  with  the 
given  point,  and  through  the  point  E,  draw  E  C  at  right  angles 
to  F  E,  and  meeting  the  lever  A  F  in  C ;  then  is  C  E  the 
direction  of  the  force  required.  Upon  F  E,  as  a  diameter, 
describe  the  circle  F  H  E,  intersecting  the  lever  in  the  point  H, 
and  draw  E  H :  then  is  E  H  perpendicular  to  the  lever  in  H, 
•o  that  H  E  would  be  tlie  direction  of  the  vertical  force  passing 
through  E  the  given  point. 

If  the  point  C  be  supposed  to  move  towards  A  in  such  a 
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manner  that  C  E  may  become  K  E ;  then  it  is  manifest  that 
K  E  produced  will  intersect  the  circumference  of  the  circle 
again  in  I ;  draw  F  I,  and  F  I  will  be  perpendicular  to  K  E, 
the  direction  of  the  given  force ;  this  is  obvious,  for  the  angle 
in  a  semicircle  is  a  right  angle.  Now  F  I  is  manifestly  less 
than  F  E,  for  F  E  is  the  diameter  of  the  circle  F  H  E,  and  by 
the  property  of  the  circle,  the  diameter  is  the  greatest  chord 
that  can  be  inscribed  in  it.  When  the  point  K  coincides  with 
A,  the  point  I  coincides  with  D,  in  which  case  F  D  =  rf  sin.  <^. 


n 


Again,  suppose  the  point  C  to  move  towards  H  until  it 
arrives  at  the  point  L ;  then  L  E  being  drawn  will  necessarily 
intersect  the  circumference  of  the  circle  in  the  point  m.  Draw 
F  m,  which,  by  the  property  of  the  circle,  will  be  perpendicular 
to  L  E,  the  direction  of  the  given  force  supposed  to  be  applied 
at  L.  Now,  since  F  E  is  the  diameter  of  the  circle  F  H  E, 
and  F  m  any  chord  in  it  not  passing  through  the  centre,  F  E  is 
greater  than  Fm;  but  it  has  also  been  shown  to  be  greater 
than  F  I ;  and  since  the  effect  of  the  force  in  the  directions 
K  E,  C  E,  and  L  E,  is  represented  by  the  perpendiculars  F  I, 
F  E,  and  F  m,  it  follows,  that  the  effect  in  the  direction  C  E  is 
a  maximum;  hence  the  truth  of  the  construction  is  manifest. 
When  the  point  L  coincides  with  H,  the  straight  line  L  E 
coincides  with  H  E,  and  H  E  becomes  the  direction  of  the 
vertical  force,  the  effect  of  which  is  represented  by  F  H. 

Since  H  and  D  are  the  points  in  which  the  circle  is  inter- 
sected by  the  lever  A  F,  and  the  cord  or  chain  A  P,  it  follows, 
that  the  effect  of  the  given  force  may  be  represented  by  all  the 
chords  that  can  be  drawn  in  the  circle  between  the  points  D 
and  H,  F  D  being  the  minimum  value  when  the  point  C  moves 
towards  A,  and  F  H  the  minimum  value  when  it  moves  in  the 
opposite  direction.  And  all  these  values  will  manifestly  be 
greater  than  F  H ;  for  from  the  centre  F  with  the  distance 
F  H,  describe  the  arc  H  n  intersecting  the  circumference  of  the 
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circle  in  n ;  tlien  it  is  evident  that  all  the  chords  originating  at 
F,  and  meeting  the  circumference  between  the  points  n  and  H, 
must  be  greater  than  F  n  or  F  H.  Thus  far,  therefore,  there  is 
a  manifest  advantage  in  causing  the  force  to  act  in  the  obUque 
direction. 

The  preceding  construction  determines  the  point  in  the  lever 
at  which  the  oblique  force  must  be  apphed  to  produce  a  maxi- 
mum effect  for  all  points  in  the  cord  or  chain  between  A  and 
D ;  but  it  does  not  apply  to  points  on  the  opposite  side  of  D 
towards  P,  for  in  that  case  the  direction  of  the  force  would 
meet  the  lever  on  the  opposite  side  of  A,  which  is  manifestly 
contrary  to  the  conditions  of  the  problem  as  applied  to  the 
construction  of  bridges ;  for  all  the  suspending  bars  on  one  side 
are  supposed  to  meet  the  platform  between  the  abutment  and 
the  middle  of  the  bridge.  Tlie  fact  is,  the  direction  which 
gives  the  maximum  value  is  the  direction  of  the  cord  itself,  the 
force  being  applied  at  the  point  A ;  this  will  be  obvious  from 
the  subjoined  construction. 

Let  A  F  (fig.  4)  be  the  lever  resting  upon  tlie  fulcrum  at  F, 
Fig.  4. 


and  A  P  the  direction  of  the  force,  which,  acting  singly  at  A, 
maintains  the  equilibrium.  Let  C  be  the  point  at  which  the 
subsidiary  force  is  applied,  and  C  E  the  direction  in  which  it 
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acts;  then,  it  is  proposed  to  shoWy  that  the  greatest  effect  mil  be 
produced  by  the  given  power  when  it  acts  in  the  directum  A  E 
coincident  with  the  cord  or  chain  A  P. 

Draw  the  straight  line  F  E,  connecting  the  fulcrum  with 
that  point  in  the  cord  through  which  the  direction  of  the 
force  passes,  and  upon  F  E  as  a  diameter  describe  the  circle 
F  H  D  E,  intersecting  the  lever  A  F  in  the  points  F  and  H ; 
the  cord  A  P  in  the  points  D  and  E,  and  C  E  the  direction  of 
the  force  in  the  point  I.  Draw  F  I,  F  D,  and  E  H,  these  will 
respectively  be  perpendicular  to  the  lines  C  E,  A  P,  and  A  F. 
Now,  it  is  obvious,  that  if  the  point  C  moves  along  the  lever 
A  F,  either  towards  A  or  H,  the  straight  line  C  E  will  intersect 
the  circle  in  points  towards  D  or  H  accordingly,  and  the  per- 
pendicular F  I  will  increase  or  diminish  according  as  the  inter- 
sections fall  towards  D  or  H. 

When  the  point  C  coincides  with  A  the  extremity  of  the 
lever,  the  straight  line  C  E  will  coincide  with  A  E,  the  direction 
of  the  cord,  and  the  perpendicular  FD  will  then  attain  its 
maximum  value;  hence  the  truth  of  the  proposition  is  ma- 
nifest. 

Again,  when  the  point  C  coincides  with  the  point  H,  the 
straight  line  C  E  will  coincide  with  the  perpendicular  H  E ; 
and  in  that  case  the  value  of  F  H  is  a  minimmn ;  from  which 
we  infer  that  in  all  cases  where  the  direction  of  the  subsidiary 
force  intersects  the  cord  between  the  points  D  and  P,  the 
effect  is  the  least  possible  when  the  force  is  exerted  in  a 
vertical  direction. 

In  both  the  preceding  constructions  the  position  of  the  point 
E  has  been  so  assumed  as  to  give  the  force,  when  acting  in 
an  oblique  direction,  a  greater  effect  than  when  it  acts  in  a 
vertical  direction;  and  lest  the  inattentive  reader  should 
imagine  that  this  is  universally  the  case,  we  shall,  in  what 
immediatelv  follows,  endeavour  to  show  that  the  effect  of  the 
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force  acting  vertically^  may  also  be  either  equal  to  or  greater 
than  the  effect  of  the  same  force  acting  obliquely,  when  the 
directions  in  both  cases  pass  through  the  same  point  of  the 
cord. 

Let  A  F  (fig.  5)  be  the  lever,  similarly  situated  as  in  all 

Fig.  5. 


\ 


/ 


the  preceding  cases,  A  P  being  the  direction  of  the  single 
equilibrating  power.  Take  any  point  E  in  A  P,  and  let  the 
point  E  thus  assumed  be  that  through  which  the  direction 
of  the  subsidiar)^  force  has  to  pass. 

Draw  F  E,  and  upon  F  E  as  a  diameter  describe  the  circle 
F  H  E  D,  intersecting  the  lever  in  F  and  H,  and  the  cord 
or  chain  A  P  in  E  and  D.  Let  C  be  any  point  in  the  lever  at 
which  the  subsidiary  force  is  applied,  and  through  the  f>oint  E 
draw  the  straight  line  C  E,  meeting  the  circumference  of  the 
circle  in  I ;  then  is  C  E  the  direction  of  the  force,  and  F  I  per- 
pendicular to  C  I,  the  representative  of  its  effect.  About  the 
fulcrum  F  as  a  centre,  with  the  distance  F  H  describe  the  arc 
H  m  intersecting  the  circumference  of  the  circle  in  m,  and  draw 
the  straight  lines  F  m  and  w  E  L ;  then  is  L  E  the  direction  of 
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F  m  is  the  representative  of  its  effect.  But  F  m  is  equal  to 
F  H  by  the  construction,  and  F  H  denotes  the  effect  of  the 
vertical  force  applied  at  H,  and  having  its  direction  passing 
through  E,  the  given  point ;  therefore,  in  this  case,  the  effects 
of  the  vertical  and  oblique  forces  are  the  same. 

Now,  it  is  manifest  from  the  figure  that  the  chord  F  m  is 
greater  than  any  other  chords  that  can  be  drawn  from  the 
fulcrum  F  to  terminate  in  the  arc  m  D ;  therefore  F  w  is  greater 
than  F  I ;  but  F  I  is  the  representative  of  the  effect  produced 
by  the  oblique  force  acting  at  C  in  the  direction  C  E,  and  F  7», 
as  we  have  just  shown,  denotes  the  effect  of  the  vertical  force 
acting  at  H  in  the  direction  H  E ;  so  that  the  effect  of  the 
oblique  force  may  be  either  greater,  equal  to,  or  less  than  that 
of  a  vertical  force  of  the  same  magnitude,  supposing  the  direc- 
tions in  which  they  act  to  pass  through  the  same  point. 

Having  thus  demonstrated  the  conditions  that  must  be  satis- 
fied in  order  to  produce  a  maximum  effect,  and  having  shown 
that  the  value  of  the  oblique  force  may  be  either  equal  to, 
greater,  or  less  than  that  of  the  vertical  force  whose  direction 
passes  through  the  same  point  of  the  cord,  it  now  remains  for 
us  to  show  in  what  manner  the  several  equations  which  we 
have  investigated  are  to  be  reduced. 

Example. — Let  the  length  of  the  lever,  its  weight,  and  the 
value  of  the  angle  </>  remain,  as  in  the  example  under  equation 

n 

(H),  and  suppose  a  subsidiary  force  a  to  be  applied  at  C  at  the 

0 

distance  of  26*5  feet  from  A  the  remote  extremity  of  the  lever, 
and  having  its  direction  passing  through  E  at  a  distance  of  44 
feet  from  the  point  A  (see  fig.  2  preceding).  It  is  required  to 
determine  the  value  of  the  force  d,  or  the  tension  upon  the 

0 

lower  portion  of  the  cord  A  E,  on  the  supposition  that  the 
required  force  acting  in  direction  A  E,  produces  the  same 
effect  in  maintaining  the  equilibrium,  as  the  force  a  acting  in 

0 

direction  C  E. 
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The  first  step  to  be  performed   in   the   resolution   of  this 
example  is  to  determine  the  angle  F  C  E  =  0 ;   and  for  this 

purpose  we  have  given  the  length  of  the  lever  FA  =  56  feet, 

and  the  angle  F  A  P  =  32  degrees ;  therefore,  by  the  rules  of 

plane  trigonometry,  we  have 

A  P  =  56  sec.  32°,  and  F  P  =  56  tan.  32°. 

These  lines,  liowever,  are   not   necessary  in  the  calculation; 

Ijecause,  from  the  right-angled  triangle  A  H  E,  the  quantities 

A  H  and  H  E  can  be  found  directly  from  the  data,  without 

having  recourse  to  similar  triangles :  thus  we  get 

A  H  =  44  COS.  32°.  and  H  E  =  44  ain.  32° ; 

the  absolute  numerical  values  being  44  x  '8480481  =37'3141 164, 

and  44  x  -5299193  =  23-3164492  feet  respectively.     Therefore, 

by  subtraction,  it  is  C  H  =  37-3141164  -  2G-5  =  10-81411G4 

feet  J  consequently,  by  trigonometry,  we  have 

HE      23-3164492^  „  ,,-,,„„      .        .       .       ,.o -,  ,„ 

. —    =  — — _  ^  2-15G1122  =  tan.  di  =  tan.  65    T  5  . 

C  H       10-814H64  0 

Having  thus  determined  the  angle  of  direction  for  the  sub- 
sidiary force  a,  the  equations  by  which  the  actual  values  of 

a  and  b  are  to  be  found  are  the  following,  viz., 
a  d  sin.  ip  =  bd  sin.  4,, 

and  a  d  sin.  <j>  +  b  d  aia.  ^  ^ p  d  sin.  tfi=  b  ic, 

or,  by  substituting  in  this  last  equation  the  effect  of  the  force 
a  in  the  first,  we  get 

2bd  sin.  ^  =  S  to. 

Therefore,  by  restoring  the  numerical  values  of  the    several 
given  quantities,  the  corresponding  value  of  b  becomes 

,  _       28  X  2271'36       _    56; 


Here,  then,  we  have  a  strain  of  1071'561hs.  upon  the  lowar 
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part  of  the  cord;  but  by  the  example  tinder  equation  (H), 
we  found  the  strain  throughout  the  cord  with  only  one  equi- 
librating force  to  be  /?=2143*121bs.^  and  this  corresponds  to 
the  tension  on  the  upper  part  in  the  present  instance ;  hence  it 
appears  that  by  the  application  of  the  oblique  force  a^  the 

0 

lower  part  of  the  cord  is  relieved  of  a  strain  equal  to  2143*12  — 
1071*56  =  107l'56lbs.,  being  just  half  the  original  tension;  and^ 
consequently,  the  strength  of  the  cord  may  be  diminished  in 
the  same  proportion.     To  find  the  magnitude  of  the  force  a 

0 

which  acts  in  the  direction  C  E,  we  must  have  recourse  to  the 

equation 

a  d  sin.  <f>  =:  b  d  sin.  ^. 

0  0  0         On  n 

Now  d,  the  distance  between  the  fulcrum  and  the  point 

0 

in  the  lever  where  the  force  a  acts,  is  d=  A  F— A  C  =  C  F=56 

0  0 

—26*5 =29*5  feet;  therefore,  by  substituting  the  several  niune- 
rical  values  in  the  above  equation,  the  value  of  a  becomes 

0 

1071-56  X  56  X  -5299193        ,,00  ooi*.  i 

a  = — — ^^^^^„^ =  1188*23fta.  nearly. 

0  29-5  X  -9071767  ^ 

Suppose,  now,  that  the  magnitude  of  the  force  a  and  the 

0 

angle  of  its  direction  are  actually  given  by  the  question,  instead 

of  being  determined  by  calculation  as  above,  then  the  value 

of  the  force  b  will  be  found  as  follows  from  equation  (K),  where 

0 

we  have 

^  ^  (28  X  2271-36-  1188-23  x  29-5  x -9071767)  x  1-8870799  ^  1071.5^^. 

0  56  ^  ' 

If  the  direction  of  the  force  a  forms  with  the  lever  an  angle  of 

0 

90^,  then  by  equation  (M)  the  value  of  b  becomes 

0 

J  ^  (28  X  2271-36  -  1188-23  x  18-6858836)  x  1-8870799  ^  1394.92  Ibi 
o  56  "        ' 
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The  difference  between  th«  two  values  of  b  found  above  is 
1394-92  — 1071-56  =  323-361l)S.,  from  which  the  advantage  of 
using  tbe  force  a  in  the  oblique  direction  becomes  manifest. 

In  the  preceding  process  we  have  taken  the  value  of  d 
=  18'6858836  feet,  being  equal  to  the  difference  between  the 
whole  length  of  the  lever  FA  and  AH;  tliat  is,  FH=56 
— 37-3141164=18-6838836;  but  the  same  thing  may  be  de- 
termined directly  from  the  data  by  equation  (Q),  on  the  suppo- 
Bition  that  the  angle  of  direction  when  tlie  force  a  acts  obliquely 

is  known ;  that  is,  the  value  of  tbe  force  b  corresponding  to  the 
vertical  action  of  the  force  a  can  be  determined  from  the 
oblique  action  of  a  without  any  previous  calculation,  by  the 
following  formula: 


A  =  _ 


a  (rftan. 
tan.  ^  cot. 


ot.  •t'-d)^ 


An  equation  which  is  very  easily  reduced  by  substituting  the 

respective  numbers  as  indicated  by  the  combinatirms. 

Let  us  now  suppose  that  another  subsidiary'  force  as  a  (fig.  6) 
Fig.  6. 


added   to  the  system,  applied  at  the  point  C,  and   acting 
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in  the  direction  C  E.  Then,  since  the  weight  of  the  lever 
remains  the  same,  as  well  as  the  distance  from  the  fulcrum 
of  the  point  in  which  it  is  conceived  to  be  concentrated,  it 
will  constantly  require  the  same  amount  of  power  to  effect 
the  equilibrium,  whatever  may  be  the  number  of  forces  em- 
ployed, in  whatsoever  manner  they  may  be  applied,  and  in 
whatever  directions  they  may  act 

Therefore,  in  the  present  case,  with  two  subsidiary  forces 
a  and  a  acting  in  the  directions  H  B  and  C  E,  and  the  third 

0  1 

force  b  acting  in  the  direction  A  P,  it  will  require  the  conjoint 

efiects  of  all  the  three  to  maintain  the  equilibrium;  that  is, 
it  will  require  the  effect  of  the  force  a  in  the  direction  H  B, 

0 

together  with  the  effect  of  a  in  the  direction  C  E,  and  that 

of  4  in  the  direction  A  P. 

Now,  by  the  notation  already  established,  we  have  the  angle 
F  H  B  =  <^  and  the  distance  F  H  =  J,  while  the  angle  F  A  P 

0  0 

=  <f>  and  the  distance  F  A  =  J.     In  like  manner  let  the  angle 

A  n 

FCE  be  denoted  by  ^,  and  the  distance  FC  by  if;  then, 

1  1 

if  from  the  fulcrum  F  the  perpendiculars  F  I,  F  K,  and  F  D 
be  respectively  drawn,  and  each  of  them  multiplied  by  the 
magnitude  of  its  corresponding  force,  the  equation  of  equili- 
brium arising  from  their  conjoint  effects  becomes 

a  d  sin.  </>  -f  a  <^  sin.  (f)  -\-  b  d  sin.  ^  =  d  tc.  (R) 

•  0  oil  1         1   n  n 

Therefore,  by  reducing  this  equation  in  respect  of  b  we  obtain 

1 

(5  to  —  a  rf  sin.  (f)  —  a  d  sin.  (j>)  cosec.  <f> 

b  = 2-2 2 U ! 2 .  (S) 

I  d 

n 

If  the  equations  (K)  and  (S)  be  compared  with  each  other, 
it  will  be  seen  that  the  former  exceeds  the  latter  by  the  quantity 
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a  d  sin.  <t>  cosec.  <f> 

II  1  A 


for  by  subtraction  we  have 


0       1 


(8to— aJ  sin.  ^)  cosec.  ^        (8«7— a</ sin.  ^— aJsin.  ^)cosec.^        a  tf  sin.  ^  coiec  ^ 

000  ft  OOOIII  Alll  ■ 


Consequently,  the  tension  on  the  cord  or  chain  A  P,  when 
there  are  two  subsidiary  forces  a  and  a,  is  less  than  when  there 

0  1 

is  only  one  subsidiary  force,  as  a.     The  cord  in  the  latter  case 

0 

may  therefore  be  made  smaller  than  it  is  in  the  former,  for 
since  there  is  less  strain  there  is  no  necessity  for  so  much 
strength. 

If,  instead  of  supposing  the  cords,  to  which  the  subsidiary 
forces  are  attached,  to  be  brought  over  pulleys  and  stretched 
according  to  the  intensity  of  their  respective  forces,  let  them 
be  simply  attached  to  the  primary  cord  or  chain  A  P,  as  repre- 
sented in  figs.  7  and  8  following;  then,  if  they  be  stretched 
to  the  same  degree  by  means  of  the  load  which  they  are 
employed  to  support,  the  nature  of  the  action  will  be  precisely 
the  same  as  indicated  in  figs.  2  and  6,  and  the  whole  strain 
will  be  thrown  upon  the  point  of  suspension  at  P,  in  the  same 

Fig.  7. 
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Fig.  8. 


manner  as  if  it  were  transmitted  through  the  suspending  bars 
of  a  bridge.  From  these  two  cases  of  subsidiary  forces,  as 
compared  with  each  other,  and  also  with  the  case  of  a  single 
force,  the  law  by  which  the  tension  on  the  cord  or  chain 
decreases  becomes  manifest;  it  is  therefore  unnecessary  to 
pursue  the  investigation  further,  for  by  merely  extending  the 
notation  the  successive  terms  of  the  series  can  be  obtained 
from  each  other  by  simple  induction. 

We  shall  give  a  tablet  of  the  terms  as  far  as  seven  sub- 
sidiary forces,  which  we  presume  will  be  amply  sufficient  to 
enable  the  attentive  reader  to  detect  the  law  by  which  the 
strain  diminishes;  and  this  law  being  once  discovered,  its 
application  to  the  construction  of  suspension  bridges  becomes 
a  matter  of  obvious  utility.  The  series  of  equations  denoting 
the  state  of  equilibriimi  are  as  follow : 
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being  adapted  to  tlie  circumstances  of  construction,  which  raoat 
of  course  be  fixed  upon  before  any  calculation  wliatever  can  be 
made. 

Another  condition  in  the  system  of  calculation  might  be, 
to  have  the  effects  of  all  the  suspending  forces  equal ;  we  do 
not  mean  the  absolute  magnitude  of  the  forces,  but  the  effects 
03  referred  to  their  particular  directions,  when  compared  with 
the  state  of  equilibrium  j  this  would  manifestly  give  a  series  of 
equal  differences  for  the  tensions  on  the  chain  A  P. 

If  the  several  equations  above  given  be  successively  sub- 
tracted from  one  anotlier,  the  series  of  corresponding  reminders 
will  stand  as  below,  viz. ;  — 
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And  if  these  equations  be  severally  divided  by  tlie  constant 
quantity  d  sin.  ift,  the  actual  values  of  the  differences  will  be  as 


a  d  Bin.  <p  cosec.  0 
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a  d  &in,  <l>  cosec.  (f) 

b-b  =  J-l »  7  (U) 

as  d 

7 

a  d  sin.  <^  cosec.  (f> 
b-~b=  i-1 1 1 

3  4  u 

7 

a  d  sin.  <^  cosec.  <^ 
ft  -  ft  =  J_5 » 7 

4  6  t' 

7 

a  d  sin.  (^  cosec.  <^ 

j._^-    fi  6  6  7 

6       6  d 

7 

Consequently,  the  difference  of  the  strains  upon  the  first  and 
last  portions  of  the  cord  becomes 

fad  sin.  ^-had  sin.  ^  +  ad  sin.  ^  +  ad  sin.  ^  +  ad  sin.  ^  +  ad  sin.  if>  +  ad  sin.  0  1 

=  1    00  oil  122  233  344  455  566  6  V^jQgg, 

I  d  J 

7 

The  following  drawing  will  represent  the  several  quantities 
involved  in  the  equations,  and  the  tapering  plan  of  the  chain 
will  indicate  the  manner  in  which  the  strain  diminishes  by 
the  application  of  the  subsidiary  forces. 
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The  following  numerical  example  may  be  useful  in  showing 
how  a  calculation  is  to  be  instituted^  supposing  that  the  con- 
ditions previously  mentioned  are  admitted  as  being  sufficient 
to  guide  the  operations  of  practice  in  a  c£tse  of  actual  con- 
struction. 

Example. — Let  A  F  in  the  preceding  figure  be  equal  in  length 
to  120  feet^  and  suppose  it  to  be  a  straight  inflexible  lever 
entirely  divested  of  weight  and  moveable  about  the  fulcrum 
at  F.  Let  the  distance  A  F  be  divided  into  eight  equal  parts 
of  15  feet  each^  and  at  the  several  points  of  division  let  forces 
be  applied^  whose  directions  make  with  the  horizon  angles 
of  81,  78,  73,  66,  57,  46,  33,  and  18  degrees  respectively, 
estimated  in  order  from  the  fulcrum.  Now,  suppose  a  load 
of  250  tons  to  be  applied  at  G,  the  middle  of  the  lever,  and 
to  be  kept  in  equilibrio  by  the  simultaneous  action  of  all  the 
forces ;  it  is  required  to  determine  the  strains  upon  the  diflFerent 
portions  of  the  hypothenuse  A  P,  admitting  the  several  oblique 
forces  acting  in  their  respective  directions  to  produce  the 
same  or  an  equal  effect. 

Since  the  load  which  balances  the  accumulated  effect  of  all 
the  forces  is  250  tons  applied  at  a  distance  of  60  feet  from  the 
fulcrum,  the  conditions  of  equilibrium  as  referred  to  the  pro- 
perty of  the  lever  require  that 

15  fl  sin.  81°  +  30  a  sin.  78°  +  45  a  sin.  73°  +  60  fl  sin.  66°  +  75  a  sin.  57°  +  90  a  sin.  46 

0  1  S  3  4  5 

+  105  fl  sin.  33° +120  A  sin.  18°  =  250x60  =  15000. 
«  7 

Now,  the  eighth  part  of  this,  or  1875  tons,  is  the  effect  of  each  of 
the  forces  in  producing  the  equilibrium ;  consequently  the  actiuil 
magnitude  of  each  of  the  forces  can  easily  be  found  as  follows  : 

Beginning  with  the  oblique  force  which  is  nearest  to  t'u 
fulcrum,   and   proceeding  in   order  to  the  most  remote,    liie 
actual  magnitudes  of  the  forces  to  produce  equal  effects,  accora 
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k^  to  the  obliquity  of  their  directions^  will  be  respectivety 
9S  below: — 

pdsm.ifi  1875 

m  =  — I ^  = : ^  =  126-5581  tons. 

•      S  d  sin.  <l>        15  sin.  81 


p  cf  sin.  ^  1875 


«  = 


_         7 7   — 


1      SdBm.<t>        30  sin.  78° 


63-8963  tons. 


p  cf  sin.  (t>  1875 

a  = 1 ^  = =  =    43-5705  tons, 

2      8  d  sin.  (t>        45  sin.  73° 

9  S 

/7(/sin.  (/>  1875 

a  =  — I L  = , =    34-2074  tons,  (V) 

9      8  cf  sin.  (f>        60  sin.  66^ 

3  3 

p  rfsin.  </)  1875 

a  = ?^ ^  = =    29-8091  tons, 

4  8  d  sin.  (f)        75  sin.  57° 

4  4 

p  d  sin.  <f}  1875 

a  = 1 "L  = _.  =    28-9617  tons, 

5  8  d  sm.  <t>        90  sin.  46° 

5  5 

p  d  sin.  <f)  1875 

fl  = 1 ^  = -=    32-7871  tons. 

6  8  d  sin.  </)         105  sin.  33° 

6  6 

These  are  the  respective  magnitudes  of  the  subsidiary  forces 
lirandiing  off  from  the  primitive  direction  A  P;  and  the  corre- 
spoiuHiifj;  mafijnitudes  of  the  forces  acting  on  the  first  and  last 
portions  of  tlic  hypothenuse  or  chain  are  as  follows,  viz. :  — 

I)  =   = =  404-5086  tons, 

^  rfsin.  (t>        120  sin.  18° 

7  7 

h=  L'^_=_i^_=    50-5636  tons. 

6       8  rfsin.  (^        120  sin.  18° 

7  7 

Having  thus  determined  the  magnitudes  of  all  the  subsidiary 
forces  a,  a,  o,  cp,  a,  a,  and  «,  together  \^ith  the  magnitudes  of 

0        12        3        4        6  6 

the  forces  which  act  on  the  first  and  last  portions  of  the  hypo- 
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thenuse  or  chain,  it  is  easy  to  determine  the  magnitudes  of  the 
forces  which  act  on  all  the  intermediate  portions ;  for,  since  by 
the  conditions  of  construction,  the  effects  of  all  the  oblique 
forces  are  the  same,  it  is  obvious  that  all  the  equations  in 
class  (U)  must  be  equal  to  the  same  constant  quantity ;  that  is, 
the  forces  acting  on  the  different  portions  of  the  hypothenuse 
or  chain,  diminish  in  a  regular  progression  from  the  highest  to 
the  lowest  point,  and  the  constant  difference  may  be  found 
from  any  one  of  the  equations  of  the  class  just  specified ;  or  it 
may  be  foxmd  by  taking  the  difference  between  the  forces 
acting  on  the  first  and  last  portions,  and  dividing  that  difference 
by  the  number  of  terms  diminished  by  unity.  Now  the  force 
on  the  first  portion  is  404*5086,  and  that  on  the  last  is  50*5636 
tons,  and  the  number  of  terms  or  forces  is  8 ;  consequently  we 
have  (404'5086— 50-5 636) -=-7  =  50-5636,  which  is  the  constant 
difference  soiight. 

Therefore,  if  from  the  magnitude  of  the  force  which  indi- 
vidually balances  the  weight,  the  constant  difference  be  suc- 
cessively subtracted,  the  remainders  will  indicate  the  diminishing 
forces  acting  on  the  hypothenuse  or  chain ;  thus  we  have 

b  =  404-5086  -  50-5636  =  353*9450  tons. 

0 


h  =  353-9450  -  50-5636  =  303-3814 
b  =  303-3814  -  50-5636  =  252-8178 

2 

b  =  252-8178  -  50*5636  =  202*2542 

3 

b  =  20-2-2542  -  50*5636  =  151*6906 

4 

b  =  151*6906  -  50*5636  =  101*1270 

5 

b  =  101-1270  -  50-5636  =  50*5634 

6 


»> 


t> 


If 


t* 


a 


it 


These  forces,  however,  may  also  be  deduced  directly  from 
the  formula  (K),  instead  of  finding  them  as  above  from  each 
other  by  continued  subtraction ;  and  since  it  may  be  necessary 
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on  certain  occasions  to  determine  them  in  this  way,  it  will  be 
useful  to  show  in  what  manner  the  reduction  is  to  be  effected* 

By  examining  the  several  equations  it  will  readily  iqppear 
that  d  sin.  if>  in  each  of  them  is  constant,  and  is  equivalent  to 

7  7 

120  sin.  18°  =  37*08206 ;  and  the  several  portions  of  the  entire 
effect  which  belong  to  the  respective  forces  by  b,  by  by  by  b,  and 

0       1       S      S      4       S 

by  are  13125, 11250,  9375,  7500,  5625,  3750,  and  1875 ;  so  that 

0 

we  have 


ft  —       *"  '^  *'»^   ^ 

353*9450  tons 

0  37  08206 

^_  11250  __ 
1   37  08206 

303-3814  „ 

^  _   9375  _ 
2   37-08206 

252-8178  ,. 

^  -   7500  _ 
3   3708206 

202-2542  ,. 

^  _   5625   _ 
4   3708206 

151-6906  „ 

^  _   3750  _ 
5   3708206 

101-1270  „ 

^-   1875   _ 
6  3708206 

50-5635  „ 

If  we  suppose  all  the  values  of  <f>  but  the  last,  or  <^,  to  be 

7 

equal  to  90°  or  a  right  angle  whose  sine  is  unity ;  that  is,  if  we 
suppose  the  subsidiary  forces  to  act  in  directions  perpendicular 
to  the  platform  or  lever,  then  it  is  obvious  that  the  actual 
values  of  those  subsidiary  forces  will  be  less  than  when  they 
act  in  oblique  directions ;  and  for  this  reason,  the  several  forces 
which  act  in  the  direction  of  the  hj^othenuse  must  be  pro- 
portionally augmented  in  order  to  produce  the  same  effect  at 
the  point  of  suspension ;  hence  the  advantage  of  causing  the 
subsidiary  forces  to  act  obliquely;  and  the  same  principle 
applies  to  the  oblique  suspending  rods  in  Mr.  Dredge's  method 


CONTRACT 


FOR   ERECTING 


A  SUSPENSION  BRIDGE  UPON  MR.  DREDGE'S  PRINCIPLE 
AT  BALLOCH  FERRY,  LOCH  LOMOND. 

(See  Plate  87.) 

It  is  contracted  and  agreed  between  the  parties  underwritten, 
viz.,  Sir  James  Colquhoun,  of  Luss,  Bart.,  in  the  county  of 
Dunbarton,  North  Britain,  on  the  first  part ;  and  James  Dredge, 
of  Bath,  in  the  county  of  Somerset,  England,  engineer,  &c.,  as 
principal;  and  William  Gibbons,  of  Bath  aforesaid,  maltster, 
&c.,  as  guarantee,  cautioner,  and  surety  on  the  second  part,  in 
manner  following :  that  is  to  say, — Whereas  the  said  Sir  James 
Colquhoun  has  resolved  to  erect  a  suspension  bridge  at  Balloch 
Ferry,  in  the  parish  of  Bonhill,  Dunbartonshire,  for  the  transit 
of  foot  passengers,  horses,  carriages,  and  cattle,  conform  to 
plans,  elevation,  and  measurement,  designed,  drawn,  and  sub- 
scribed by  the  said  James  Dredge  upon  the  principle  invented 
by  him,  which  plans  consist  of  Nos.  1,  2,  3,  and  4  different 
parts,  which  are  aU  subscribed  by  the  said  parties  as  relative  to 
these  presents.  Therefore,  and  in  consideration  of  the  price 
hereinafter  mentioned,  the  said  James  Dredge  has  bound  and 
obliged  himself,  and  by  these  presents  binds  and  obliges  him- 
self, and  his  heirs,  executors,  and  representatives  whomsoever, 
to  construct  and  finish  the  said  bridge,  of  sufficient  strength, 
and  in  a  good  and  workmanlike  manner,  conform  to  the  plans, 
elevation,  and  measurement  above  mentioned;  subject  always 
to  such  alterations  as  shall  appear  to  the  said  James  Dredge  to 
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be  rendered  necessary  for  the  proper  strength  and  durability  of 
said  erection. 

And  the  said  James  Dredge  obliges  himself^  at  his  own 
proper  costs  and  charges^  to  provide  the  whole  requisite 
working  drawings  and  sections,  models  for  masonry  and  iron- 
work, and  also  to  furnish  all  iron  rails  and  timber,  and  all 
other  materials  whatsoeyer  (masonry  materials  excepted), 
which  shall  be  necessary  and  fit  to  be  used  in  or  about  the 
said  bridge,  and  to  superintend  the  erection  of  the  same,  and 
of  the  whole  mason-work  therewith  connected. 

And  more  particularly  the  said  James  Dredge  binds  and 
obliges  himself,  and  his  foresaids,  to  erect  and  finish  the  said 
bridge  in  manner  following,  viz. :  of  twenty  feet  width,  and  two 
hundred  feet  in  length  from  the  centre  of  one  tower  to  the 
centre  of  the  other,  and  of  not  less  than  seventeen  feet  and  one 
half  foot  in  height  above  the  level  of  the  River  Leven  at  high 
flood,  or  at  least  as  high  from  the  surface  of  the  river  as  the  Bon- 
hill  Bridge,  with  an  opening  of  forty  feet  outside  of  each  tower. 
The  platform  of  the  bridge  to  be  three  inches  thick,  of  larch 
timber,  and  the  other  parts  of  good  iron  and  good  workman- 
ship, with  iron  gates,  and  the  whole  of  the  iron-work  to  be 
once  well  painted;  and  in  general,  without  prejudice  to  the 
particulars  above  specified,  the  said  James  Dredge  binds  and 
obliges  himself,  and  his  foresaids,  to  construct  and  finish  the 
said  bridge  and  openings  conform  to  the  foresaid  plans,  eleva- 
tion, and  measurement,  with  such  alterations  as  may  be  ren- 
dered necessary  as  aforesaid ;  and  that  the  whole  of  the  said 
bridge  shall  be  executed  in  the  best  and  strongest  manner, 
and  of  the  best  materials. 

And  the  said  second  parties  hereby  warrant  that  the  said 
bridge,  when  completed,  shall  be  capable  of  sustaining  in 
transit  double  the  weight  of  any  load,  whether  of  cattle, 
carriages,  or  otherwise,  that  it  may  ever  be  fairly  exposed  to. 
And  further,  the  said  James  Dredge  binds  and  obliges  himself, 
and  his  foresaids,  to  proceed  to  the  execution  of  the  work 
above  mentioned,  and  to  carry  on  the  same  without  any  inter- 
mission, and  completely  finish  the  whole  within  two  calendar 
months  immediately  after  the  completion  of  the  towers  of  the 
said  bridge.     Providing  hereby  and  declaring,  that  if  the  said 
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James  Dredge  shall  fail  so  to  complete  the  said  bridge  within 
said  period  of  two  months,  he  shall  be  bound  to  allow  to  the 
said  Sir  James  Colquhoxm,  and  the  latter  shall  be  entitled  to 
retain  from  the  price  after  specified,  an  abatement  of  five  per 
cent,  upon  the  amount  which  the  said  Sir  James  Colquhoun 
shall  have  advanced  for  masonry  on  the  said  bridge,  and  that 
during  the  time  the  said  bridge  shall  remain  unfinished  after 
the  expiring  of  the  foresaid  two  months. 

And  it  is  hereby  agreed  that  if  the  fencing  off  of  a  foot-path 
upon  said  bridge  shall  be  dispensed  with  by  the  said  Sir  James 
Colquhoun,  he  shall  in  that  case  be  allowed  a  deduction  of 
twenty  pounds  from  the  stipulated  price  of  said  bridge  herein- 
after mentioned;  and  in  the  event  of  his  requiring  only  two 
gates  on  said  bridge  in  place  of  three  shown  on  said  plan,  he 
shall  receive  a  further  deduction  on  that  account  of  five  pounds 
sterling.  And  further,  if  any  other  part  of  the  said  plans  shall 
be  dispensed  with  by  the  said  Sir  James  Colquhoun,  or  not 
executed  by  the  said  James  Dredge,  the  expense  of  such  part 
or  parts  shall  also  be  deducted  from  the  price  after  mentioned. 
And  if  any  of  the  conditions  or  particulars  above  specified 
shall  be  altered  or  executed  contrary  to  the  foresaid  plans, 
these  shall  not  be  construed  into  an  abandonment  of  the  said 
plans,  but  the  same  shall  be  completed,  and  the  present  con- 
tract shall  be  effectual  notwithstanding  such  alterations. 

And  further,  the  said  second  parties,  viz.,  the  said  James 
Dredge,  as  principal,  and  the  said  William  Gibbons,  as  cau- 
tioner, guarantee,  and  surety  for  him  as  aforesaid,  bind  and 
oblige  themselves,  conjunctly  and  severally,  and  their  fore- 
saids, to  warrant,  uphold,  and  maintain  the  said  bridge  and 
towers  thereof  in  good  and  sufficient  condition  for  the  space 
of  five  years  after  completion  thereof,  excepting  from  this 
obligation  any  injury  or  damage  which  shall  arise  thereto  by 
lightning,  earthquake,  civil  commotion,  or  malicious  damage, 
or  not  fairly  within  the  compass  of  wear  and  tear  by  ordinary 
use  of  such  bridge.  And  if  during  the  said  period  of  five  years 
any  parts  of  said  towers  or  bridge  be  discovered  to  be  in- 
sufficient or  requiring  repair  (not  rendered  necessary  from  the 
causes  aforesaid),  then  the  second  parties  shall  be  bound  and 
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obliged^  as  they  do  hereby  bind  and  oblige  themselves  and 
their  foresaids^  to  repair  such  parts  and  make  them  sufficient  at 
their  own  expense  immediately  on  the  insufficiency  b^g  As- 
covered.     For  which  causes,  and  on  the  other  part,  the  sud  Sir 
James  Colquhoun  binds  and  obliges  himself,  his  heirs  and  suc- 
cessors, immediately  on   such  bridge  being    completed   and 
proved  to  be  sufficiently  strong  in  all  its  parts  as  after  men- 
tioned, which  proof  shall  be  ascertained  within  one  calendar 
month  after  its  completion,  to  make  payment  to  the  said 
James  Dredge,  or  his  heirs,  executors,  or  assigns,  of  the  sum 
of  one  thousand  five  hundred  poxmds  sterling,  as  the  agreed 
price  of  the  said  bridge  to  be  constructed  by  the  said  James 
Dredge  in   terms  hereof,  including  therein  the  whole  of  his 
charges  for  engineering,  travelling,  and  all  other  charges  and 
expenses   competent  to   him   for   said  work,   excepting  such 
reasonable  charge  for  superintending  the  erection  of  the  said 
towers,  either  by  himself  or  by  a  qualified  person  appointed  by 
him,  as  may  be  considered  fair  between  the  parties,  or  as  shall 
be  fixed  by  reference  to  a  respectable  tradesman  resident  in 
Dunbartonshire,  in  case  they  do   not  agree.     It  being  here 
contracted  and  agreed  that  the  said  Sir  James  Colquhoun  shall, 
when  required  by  the  said  James  Dredge,  furnish  the  timber 
requisite  for  said  bridge,  and  be  entitled  to  retain  out  of  the 
said  price  of  one  thousand  five  hundred  pounds  the  current 
price   of  such   timber  so  furnished,  besides  the  expense  of 
dragging,  conveyance,  and  whole  workmanship  thereof;  and  on 
the  completion  of  said  bridge,  the  price  of  said  timber  and  the 
said  expenses  attending  the  same  (which  last  shall  be  ascer- 
tained and  proved  by  the  account  and  statement  of  the  wood 
forester  on   the  estate  of  Luss)  shall  be   deducted  from  the 
said  stipulated  sum  of  one  thousand  five  hundred  pounds ;  and 
the  balance  thereof,  after  such  deduction,  shall  then  be  imme- 
diately payable  to  the  said  James  Dredge  and  his  foresaids. 
Providing  always  that  the  said  bridge,  including  mason-work, 
shall  have  been  previously  duly  tested  and  proved,  within  the 
aforesaid  period  of  one  calendar  month,  to  be  of  the  requisite 
strength,  and  completed  in  all  respects  according  to  agreement, 
and  in  such  a  manner  as  to  afford  to  the  public  a  safe  com- 
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munication  across  the  river  Leven.  But  it  is  hereby  expressly 
provided  and  declared  iiiat,  if  between  the  completion  of  the 
said  bridge  and  the  expiration  of  said  five  years^  the  bridge, 
including  towers^  shall  not  have  &irly  borne  its  work,  and  be 
thus  proved  unable  or  insufficient  to  answer  the  purposes  for 
which  the  bridge  is  intended,  the  said  James  Dredge,  as  prin- 
dpal,  and  the  said  William  Gibbons,  as  guarantee,  cautioner, 
and  surety  foresaid,  shall  be  bound  and  obliged,  as  they  hereby 
bind  and  oblige  themselves  and  their  aforesaids,  conjunctly  and 
severally,  to  repair  and  make  the  bridge  substantial  in  every 
respect,  or  to  make  repayment  to  the  said  Sir  James  Col- 
quhoun,  his  heirs  t  and  assigns,  not  only  of  the  foresaid  sum  of 
one  thousand  five  hundred  pounds  sterling,  but  also  of  the 
further  sum  of  two  hundred  pounds  as  and  for  a  moiety  of  the 
outlay  and  expense  disbursed  by  the  said  Sir  James  Colquhoun 
in  the  erection  of  the  mason-work  connected  with  the  said 
bridge ;  and  on  such  repayment,  the  said  James  Dredge  and  his 
foresaids  shall  be  fully  entitled  to  the  whole  of  the  iron  and 
wood-work  of  the  said  bridge  as  his  own  property,  and  all  the 
materials  excepting  the  stone  and  mason-work  thereof.  And 
it  is  further  hereby  provided  that,  in  the  event  of  any  difiference 
arising  with  respect  to  the  true  meaning  of  the  present  con- 
tract or  the  execution  of  any  part  of  the  work  hereby  contracted 
for,  the  parties  hereby  submit  the  same  to  the  final  determi- 
nation of  William  Steele,  Esq.,  Advocate,  Sheriff  Substitute  of 
Dunbartonshire,  and  failing  him,  to  the  Sheriff  Substitute  of 
the  said  shire  for  the  time  being,  as  sole  arbiter,  and  oblige 
themselves  and  their  foresaids  to  abide  by  and  fulfil  any  de- 
cision which  he  shall  pronounce  on  the  matters  hereby  sub- 
mitted to  him.  And  both  parties  bind  and  oblige  themselves 
and  their  foresaids  to  implement  and  perform  their  respective 
parts  of  the  premises  to  each  other  under  the  penalty  of  five 
hundred  pounds  sterling,  to  be  paid  by  the  party  failing  to  the 
party  observing  the  contract  or  willing  to  do  so,  besides  per- 
formance. And  both  parties  consent  to  the  registration  hereof 
in  the  Books  of  Council  and  Session  Sheriff  Court  of  Dun- 
bartonshire or  other  Judges^  Books  competent  for  preservation ; 
and  that  letters  of  homing,  or  six  days'  charge,  and  all  other 
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execution  needful,  may  hereon  pass  on  a  decree  to  be  inter- 
poned  hereto,  and  for  that  purpose  constitute 

Procurators;  in  witness  whereof  these  presents,  written  upon 
stamped  paper  by  James  Mackibbin,  Clerk  to  Robert 
Grieve,  Writer,  Dunbarton,  are  subscribed. 


SPECIFICATION  OF  THE  QUANTITIES  OF  MATERIAL 


USED    IN   THR 


SUSPENSION    BRIDGE    AT   BALLOCH   FERRY, 


DUNBARTONSHIRE. 


Plate  87  is  an  isometrical  projection  of  a  suspension  bridge 
now  in  course  of  erection  across  the  Leven  at  Balloch  Ferry 
in  Dunbartonshire,  for  Sir  James  Colquhoun,  of  Luss,  Bart., 
after  designs  and  under  the  superintendence  of  Mr.  Dredge,  of 
Bath. 

The  whole  extent  of  the  suspended  road- way  is  292  feet ;  but 
as  a  space  is  left  on  each  side  as  an  easy  access  to  and  from  the 
towing-paths,  the  distance  from  the  centre  of  one  pier  to  the 
centre  of  the  other  is  reduced  to  200  feet,  which  must  be  con- 
sidered as  the  span  of  the  bridge. 

Each  pier  for  supporting  the  chains  consists  of  two  octagonal 
towers  upon  which  the  chains  rest,  and  which  are  connected  to- 
gether by  springing  a  light  arch  across  the  road-way.  These 
towers  taper  from  15  feet  2  inches  by  9  feet  2  inches  at  the 
base,  to  9  feet  by  3  feet  at  the  top,  the  longest  dimension  being 
in  the  direction  of  the  bridge.    The  entire  height  of  the  towers 

is  as  under,  viz. 

feet. 
From  bed  of  river  to  water-mark       ....       3 


»» 


»» 


water-mark  to  upper  surface  of  road-way  1 6 

road- way  to  tops  of  towers      .         .         .         .21 


40  feet. 
VOL.    I.  d 
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The  distance  from  the  centre  of  one  octagonal  tower  to  the 
centre  of  the  other  across  the  road-way  is  20  feet,  equal  to  the 
width  of  the  bridge.  The  towers  and  the  key-stone  of  the  arch 
are  built  of  a  reddish  freestone  from  Bonhill;  the  stringing 
courses  at  the  road-way,  springing  of  the  arch,  and  the  offsets 
at  the  top  of  the  tower,  of  a  white  stone  in  the  neighbourhood. 

Upon  the  tops  of  the  towers  are  large  cast-iron  plates,  on 
which  the  chains  rest. 

The  principal  chains  for  supporting  the  structure  are  formed 
of  I  round  bars,  laid  side  by  side  to  the  number  of  13  upon 
the  tops  of  the  towers,  and  successively  dropping  one  at  each 
joint  until  it  arrives  at  the  centre,  where  that  part  of  the 
chain  is  reduced  to  a  single  bar.  The  links  upon  the  towers 
are  6  feet  long,  but  after  springing  from  thence  they  are  in- 
creased to  9  feet. 

I.  The  weight  of  each  link,  6  feet  long,  is  14*5  lbs. 

The  weight  of  iron  on  the  towers  is  therefore 

14-5(13x4) =      754 

The  weight  of  each  link,  9  feet  long,  is  20  ibs. 

The  weight  ofiron  is  therefore20{  8(12 -1-2  X  5-5) -1-4}=  12400 
(24  X  4)  =96  connecting  bolts  increasing  in  arith- 
metical   progression    from    3    to    12fes.    each, 
V(3  +  12)  =      720 


Weight  of  iron  in  chains    .         .      =  13874  fes. 

The  length  of  the  oblique  suspending  rods,  if  radius  remained 
constant,  would  be  as  the  sec.  of  the  angle  which  they  re- 
spectively make  with  the  horizon;  but  in  consequence  of  the 
inclination  of  the  chains  towards  the  joints  of  connexion  with 
the  suspending  rods,  their  length  diminishes  continually  to- 
wards the  centre  of  the  bridge;  and  as  the  ascertaining  the 
exact  length  of  each  rod  separately  would  involve  much  com- 
plicated calculation,  we  wiU  avoid  it,  and  assume  (which  will 
be  very  near  the  truth)  the  average  length  of  the  bars  to  be 
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the  joints  on  the  towers :)  the  two  bars  from  each  joint  of  the 
chains  being  |  of  an  inch  in  diameter,  we  have,  for  the  weight 
of  the  whole  of  the  J  bars, 

2.  *l-47  (88x2x11-75)  .         .         .         .     =3039*96 

1 6  oblique  rods  from  the  towers  j-  diameter,  averaging 
26*6  feet  in  length : 

*2  (16x26-6) =    851-2 

136  pieces  ^  rod,  each  2  feet  long,  welded  to  the 
end  of  the  oblique  rods : 

2(136x2) =544- 

136  nuts,  each  *25ft. 

•25x136 =      34- 

56  pieces  1  inch  in  diameter,  2  feet  long,  in  retaining 
rods: 

2-61  (56x2) =    292-32 

56  nuts,  each  -333  ib. 

•333x56 =       18-64 

152  nuts  and  pins,  each  '5fb. 

•5x152 =      76- 

Total  weight  of  oblique  suspending  rods  =  4856-12ibs. 

Proceeding  onwards,  we  next  arrive  at  the  horizontal  beams, 
or  those  running  from  end  to  end  of  the  bridge ;  and  there  are 
here  2  of  190  feet  long,  and  4  of  45  feet  long  each,  all  5  inches 
X  i  inch,  so  that 

3.  8-4  {(190x2) +  (45x4)}      .         .         .     =4704 
64  connecting  plates,  each  1  foot  long : 

8-4x64 =    537-6 

6  I  pms  to  each  plate,  each  -5  ft. 

•5x64x6 =     192 

Total  weight  of  horizontal  beams      5433*6  fts. 

We  have  now  to  examine  the  weight  of  the  transverse  beams, 
or  those  which  run  at  right  angles  to  and  immediately  support 

*  Where  1*47  and  2  are  respectively  the  weight  in  fts.  of  a  f  and 
a  •}-  rod  1  foot  long. 
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the  platform ;  they  are  each  20  feet  long,  5  inches  deep  x  i 
an  inch  in  thickness,  and  have  at  every  6  inches  along  their 
length,  near  the  upper  edge,  holes  of  -1-^ths  of  an  inch  drilled  to 
admit  of  f  rods  passing  longitudinally  through  them  firom  end 
to  end  of  the  bridge;  there  are  117  such  beams  in  all: 

4.  8-4  (20x117) =  19656 

Every  third  beam  is  trussed  with  suspension 
trusses,  consisting  of  5  rods,  viz.,  !=-{-  and 
4=1,  each  6*66  feet  long : 

2  (39x6-66)     .         .         .       =  519-48 
102  (39x4x6-66)  .         .       =1059*739 


1579-219x8 
100 


1579-219 
=  126-337 

1705-556=  1705-55 


21361-55 
From  which  deduct  for  the  quantity  of  iron  not 

used  in  the  holes, 

123(1^^111^)     .         .         .         .         =      239-85 
^       24      ^  

21121-70 

The  f  rods  to  which  we  before  alluded  run  6  inches  apart 
through  the  transverse  beams  from  end  to  end,  and  are  placed 
there  for  the  purpose  of  combining  the  whole  mass  together, 
and  causing  a  more  equable  pressure  upon  the  beams  which 
support  the  road-way;  there  are,  therefore,  40  rods  of  195  feet 
long  each,  and  80  of  45  feet,  so  that  the  whole  weight  will  be 

5.  102  {(195x40)  +  (80x45)}  =  11628. 

There  are  also  28  bars,  each  10  feet  long,  IJ  in  diameter, 
to  be  used  as  holdfasts  in  the  ground  for  retaining  the  chains. 

6.  3-31  (28x10) =  926-8 

28  nuts,  -75  ft. 

•75x28 =21 

947-8  fts. 
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And  by  adding  the  restdts  together  we  shall  have 


1 

=  13874 

2 

=  4856-12 

3 

=  5433-6 

4 

=  21121-7 

5 

=  11628 

6 

=   947-8 

tons.  cwt.  qr.      tbs. 
Total       57861-22=25     16     2     1322 

the    whole    of  the   wrought-iron    actively   employed    in   the 

structure;   to  which,  if  we  add  that  used  in  railing, 

2  (400  X  2  X  4) =  6400 

and  about  400  ibs.  more  as  staples,  &c.  .         .  400 

6800  ibs. 
tons.    cwt.  qr.    lbs. 
3       0     2     24 

25     16     2     13-22 


28     17     1       9-22 
the  total  quantity  of  wrought-iron  used  in  the  bridge. 

We  have  next  to  examine  the  cast-iron  used ;  and  beginning 
with  the  plates  on  which  the  chains  rest, 

1.  Four  plates,  each  560  ibs.      .     =2240 
136  circular  plates   for  fastening  the 

oblique  rods  to  the  horizontal  beam, 
each  3-5  ibs. 

2.  136x3-5     .         .         .         .     =  476 
22fb8.  cast  blocks  to  each  truss,  and 

there  being  39  trusses  : 

22x39         .         .         .         .     =  858 
2  cast  boxes  for  each  beam  for  attach- 
ing it  to  the  horizontal  longitudinal 
beams,  each  1 1  fbs. 

11x2x117  .  .     =2574 

28  castings  in  retaining  chains,  each  5  ibs. 

5x28  .         .         .         .     =   140 

tons  cwt.  qr.  lbs. 

6288ibs.  =  2  16  0  16 
as  the  total  quantity  of  cast-iron  actively  employed  in  the 
bridge ;  to  which  add  the  quantity  used  in  the  railing. 
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toni  cwt  qr.     Af. 
28x4x35=3920=1     15     0      0 

2     16     0     16 


4     11     0     16 


The  timber  used  in  its  construction  is  larch,  grown  on  the 

estate   of  Sir  James   Colquhoun  at  Luss,   and  the  quantity 

used  is, 

292x20x25 =  1460 

2  beams  of  wood  passing  from  end  to  end,  6x3  inches : 

2  (292  X  -5  X  -25) =      73 


1533  feet. 
The  whole  of  the  material  used  is, 

tons    cwt.  qr.    fts. 
Ist.  Wrought-iron  .  .     28     17     1    9*22 

2nd,  Cast-iron 4     11     0       16 

3rd,  Timber 1533  cubic  feet. 

The  principle  upon  which  this  bridge  is  built  is  entirely  new ; 
and  it  has  been  doubted  by  many  whether  the  arrangement  of 
the  bars  in  the  chain  and  the  adoption  of  the  oblique  suspend- 
ing rods  is  a  judicious  application  of  iron  in  the  construction  of 
such  bridges.  The  small  quantity  of  material  used  in  the  one 
specified  above,  (which  is  intended  as  a  permanent  structure  for 
general  traffic,)  is  however,  a  sufficient  proof;  and  we  shall 
endeavour  to  show  by  mathematical  reasoning,  that  it  is  more 
than  equal  to  sustain  any  load  which  it  is  possible  to  place 
upon  the  surface  of  its  road-way. 

In  calculating  the  force  of  a  bridge  of  this  description,  the 
formulfle  involved  are  necessarily  very  different  from  those 
used  in  estimating  the  common  catenary;  for  here  one  half 
of  the  bridge  balances  the  other,  the  structure  being  held  in 
equilibrio  entirely  by  the  acting  chains,  and  the  centre  part  of 
the  chain  where  it  is  reduced  to  a  single  link,  may  be  severed 
or  entirely  removed  without  affecting  the  stability  of  the 
structure.     It  is  therefore  evident  that  such  a  bridge  may  be 
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referred  to  the  projection  of  two  brackets,  and  estimated  ac- 
cordingly. 

Fig.  1. 


Conceive  the  weight  W  to  be  supported  by  a  cord  A  C  at 
the  extremity  of  a  horizontal  projection  B  C,  and  maintained 
there  by  a  tension  in  the  line  A  C,  and  compression  in  the  line 
B  C ;  then  ABC  being  a  right  angled  triangle  by  construction, 

sin.  A  C  B  :  rad.  :  :  A  B  :  A  C, 

orAC=   .  ^^\     >  AB=AB.  cosec.ACB 
sm.  A  C  B 

by  the  principles  of  projection. 

AB;(AC)=AB.co8ec,ACB::W:W^^^^^'^5^^  .  AB^ 

AB 

W  cosec.  A  C  B. 
Let  tr=W,  the  weight  resting  on  the  point  C. 

0=  <  A  C  B,  contained  by  the  horizontal  line  and  the  line 

AC. 
jr=the  tension  in  the  line  A  C  (caused  by  the  weight  W)  in 

the  direction  C  A. 

y= pressure  or  thrust  in  the  direction  C  B. 

Then,  by  substituting  these  quantities  for  the  former  propor- 
tion, we  have 

sin.  3  :  rad.  :  :  w  :  x, 
and  by  equating  the  products  and  reducing  the  equation,  we  get 

jr= 1- f£?= IT  cosec.  ^ (1) 

sin.  6 

And  for  the  pressure  or  thrust  in  the  direction  C  B,  it  is 

sin.  6  :  cos.  6  :  :  w  \  y\ 
consequently  by  reduction,  we  have 
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J=   ^ 


(2) 


Which  equation  holds  true  for  every  value  of  the  angle  6 ;  but 
there  is  the  same  strain  in  every  part  of  the  line  A  C,  and  if 
such  were  to  remain,  there  would  be  no  occasion  to  increase  the 
size  of  the  chain  towards  the  point  A.  But  let  us  further  sup- 
pose another  weight  W  to  be  supported  by  a  line  from  some 
intermediate  point  between  B  and  C,  and  let  that  line  be 
attached  to  some  point  A'  in  the  cord  AC,  as  in  fig.  2. 
Fig.  2. 


Allowing  A  C  B  to  remain  as  before,  and  supposing  the  same 
quantities  to  retain  the  same  values  as  in  the  former  figure, 
aod  putting  in  this  w',  ^,  :/,  y'  respectively  for  the  weight 
W,  the  <  A'  C  B,  the  tension  in  the  line  A'  C,  and  the  pres- 
sure in  the  direction  C'B,  we  have,  for  the  value  of  ar*  by 
equation  (1), 

r'=ai'  cosec.  6'        (3) 

The  point  A'  in  the  line  AC  is  acted  upon  by  two  forces 
represented  by  the  symbols  x,  x',  the  resultant  of  which  forces 
in  the  direction  towards  A  will  be. 


R=^T'  +  s'-^  +  -2j:i^cos.{im''  +  e-(f)        .     .      (4) 

The  former  values  of  x  and  jf  being  substituted,  we  get 

R=:V>o^co8ec.'i9+ic'ico3ec.V  +  2iDCOBec.fl.to'coa.fl'co9.{180°+fl-i?') 

And  the  difference  will  be  represented  by 

D=v'«(^co8ec.2«+w"cosec.*tf'  +  2K>cosec.fl.iD'coe.fl'coB.(180°+ff— fl') 
— Hj  cosec.  0, 


AT   BALLOCH    PERRY. 


Ivii 


and  in  which  proportion,  the  chains  should  increase  in  sectional 
area  towards  the  base.  Proceeding  in  like  manner  for  another 
section,  the  resultant  of  the  forces  wovild  be 


R"=  v'(^'HR2+2Ry'  COS.  (180°+d-^')* 


(5) 


From  which  it  appears,  that  each  progressive  section  of  the 
chain  towards  the  point  of  suspension,  has  an  increase  of  strain, 
equal  to  the  resviltant  of  the  two  forces  acting  at  the  further 
extremity  of  that  section  towards  the  extremity  of  the  bracket ; 
and  from  this  it  is  evident,  that  the  chain  shovild  taper  in  the 
same  proportion;  but  it  is  equally  clear,  that  the  use  of  the 
obhque  suspending  rods  is  peremptorily  insisted  upon,  other- 
wise the  reduction  of  material  towards  the  extremity  of  the 
bracket  beyond  a  certain  extent  would  be  a  proportionate 
reduction  of  power. 

The  following  diagrams  will  graphically  illustrate  this  : 

Fig.  3. 


Draw  d  c'  (fig.  3)  parallel  to  A'  C,  produce  A  A'  onwards  to 
the  point  c',  and  the  triangle  of  forces  A'  a!  c'  being  complete, 
it  only  remains  that  the  lines  supporting  the  brackets  should 
be  increased  in  power  proportionally  to  the  length  of  the  sides 
of  the  triangle  to  which  they  are  respectively  parallel. 


*  Where  j/'  represents  the  value  of  the  tension  sustained  in  the  angle 
or  inclination  ^",  R  the  resultant  of  the  first  two  forces,  and  h  an  angle 
of  which  R  is  equivalent  to  the  cosec. 
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Fig.  4.* 

3 

^^^"v^  A* 

t' 

^H' 

B 

I 

f 

d 

Again  (fig.  4),  draw  d  c'  parallel  to  A'  C,  and  continue  A  A' 
to  c';  then  will  the  triangle  of  forces  be  complete,  as  in  the 
former  curve;  but  it  is  evident  by  the  construction  of  the 
bracket,  that  the  pressure  of  the  horizontal  force  is  not  sus- 
tained by  the  road-way.  Draw  A'  b  parallel  to  B  C,  then  will 
A'  b  be  the  measure  of  that  horizontal  force,  or  equal  to  the 
weight  resting  on  A'  drawn  into  the  cotangent  of  the  angle 
AA^i,  which  must  be  counteracted  by  a  sufficient  power  in 
the  direction  A^  C ;  and  the  weight  of  the  iron,  which  would 
be  equivalent  to  that  power,  would  be  oppressing  the  chain  in 
the  direction  A'  A,  as  the  cosecant  of  the  angle  A  A'  b. 

It  is  well  known  that  the  parameter  of  the  catenary  of  a 
suspension  bridge,  is  equivalent  to  half  the  weight  of  the 
structure  drawn  into  the  cotangent  of  the  angle  which  a  tangent 
to  the  curve  at  the  point  of  suspension  forms  with  the  hori- 
zon, and  the  oblique  strain  is  equal  to  half  the  weight  drawn 
into  the  cosecant  of  the  same  angle. 

Therefore,  from  what  has  been  said,  it  is  clear  that  a  parallel 
section  of  iron,  equivalent  to  the  parameter  of  the  catenary, 
may  be  taken  away  from  one  end  of  the  curve  to  the  other, 
and  that  not  only  the  weight  would  be  saved,  but  also  another 


*  I  would  here  presume  that  whilst  speaking  of  a  bracket  supported 
by  a  catenary  curve  with  vertical  suspending  rods,  a  tensile  force  must 
be  acting  from  the  point  0/  equivalent  to  the  parameter  of  that  ciure. 
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quantity  of  iron  which  was  necessary  to  support  it.  These, 
then,  are  the  advantages  which  arise  from  the  use  of  the 
oblique  suspending  rod. 

Example. 

Suppose  ABC  (fig.  1)  to  be  a  bracket  projecting  from  a  wall 
with  a  weight  of  364 16s.  attached  at  the  point  C,  the  angle 
A  C  B  being  39°;  required  the  tensile  power  upon  the  cord  A  C, 
and  also  the  horizontal  pressure  in  the  direction  B  C  ? 

By  equation  (1)  we  have, 

d?=tr  cosec.  6, 
therefore, 

364x1-589015 =  578-401  ibs.. 

and  by  logarithms, 

log.  364      .     .     =    2-561101 
log.  cosec.  39°      =  10201 128 

nat.  num.   2762229     =  578-401  ibs. 
As  shown  by  equation  (2), 

y=t£;  cot.  B, 

hence 

364x1-234897 =449-502*8., 

by  logarithms, 

log.  364      .     .     =    2-561101 
log.  cot.  39°     .     =  1009 1631 

nat.  num.     2652732     =449-502 ibs. 

Again,  let  every  thing  remain  as  before ;  but  suppose  another 

weight  equal  to  364  lbs.  were  added   to   the  point  C,  as  in 

fig.  2,  and  supported  at  an  angle  of  50°;  required  the  increase 

of  strength  from  A'  towards  A,  and  also  the  horizontal  pressure 

towards  B  ? 

By  equation  (3), 

j/=tt/  cosec,  ^' ; 

consequently, 
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364x1-305408 

log.  364  ...     =    2-561101 
log.  cosec.  50"  .     =10115746 


nat.  num.     2-676847     =  475-i6fts. 
Therefore  475'16tb3.  is  the  tenaioD  in  the  direction  C'A';  but 
to  ascertain  the  value  of  the  tension  from  A'  to  A,  by  referring 
to  equation  (4)  we  find, 


R=Vx*  +  ^^  +  2i*'coa.  (ISO'  +  fl-fl'), 
and  by   substituting   the   numerical   values    for    the    several 
quantities,  we  get 

R=  ^378-401»+473-16'+2x578-40l  X  475  16  X -981627 

that  is  578'401'=334547-7168 

475-16^  =223777-0256 

2x578-401  X  475-16x981627  =5395670241 


and  V  1099891-7665  =  1048-75  to. 

The  required  strength  in  that  part  of  the  cord  A  A',  and  the 
difference  between  the  part  A  A'  and  A'  C  is, 
1048-73 

578-401 


And   the   sectional   area  of  the   one   part   should  be  to  the 
sectional  area  of  the  other  as 

1  .-  1-8131. 
For  the  magnitude  of  the  horizontal  force;  that  which  is  oc- 
casioned by  the  weight  at  the  further  extremity  of  the 
bracket  has  been  shown  to  be  =  449*502  Tbs, ;  but  the  adding 
of  another  weight  at  C  will  cause  an  increase  towards  B,  so 
that  the  aggregate  of  force  from  C  to  B  is  represented  by 

449-502  +  (364  x  ■839I00)=754-934ft8. 

And  the  difiFerence  of  pressure  between  the  part  C  B  and  C  C  is 

754-934  -  449-502 = 305-432. 
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Example  2. 

Suppose  a  figure  similar  in  every  respect  to  fig.  4,  and  let  a 
weight  of  364  lbs.  be  attached  to  the  horizontal  line  from  the 
point  C,  and  let  A!  C  form  the  same  angle  with  the  horizon 
that  A"  C  did  in  the  former  curve,  viz.,  39.°  Then  the  tension 
in  the  direction  A'  C  will  be 

364x  l-5890l5=578-400fbs. 

and  the  horizontal  force,  as  before  represented,  is  equal  to 

364  X  1-234897  =  449-502*8., 

which  must  in  this  case  be  resisted  through  the  cord  in  the 
direction  from  C ;  or,  in  short,  as  the  parameter  of  the  catenary ; 
and  therefore,  the  absolute  tension  in  the  direction  C'A  is 
in  consequence,  equal  to  1*5 8901 5  (364 -f  the  weight  of  material 
requisite  to  sustain  a  pull  of  449*502  lbs.),  and  which,  in  large 
spans,  increases  to  such  an  enormous  extent  as  to  facilitate 
the  destruction  of  the  structure. 

The  throwing  the  thrust  on  the  towers  or  abutments  into 
the  horizontal  line  is  of  advantage  to  the  road-way,  as  rendering 
it  more  steady  and  not  so  liable  to  that  oscillation  to  which 
suspension  bridges  are  commonly  exposed;  and  in  practice, 
the  sectional  area  of  the  beam  to  sustain  the  transverse  action 
of  the  platform,  would  be  more  than  sufficient  under  any  cir- 
cumstance, to  overcome  the  horizontal  action  to  which  the 
structure  may  be  exposed :  for  that  reason,  therefore,  it  would 
be  useless  to  increase  the  beam  towards  B. 

The  preceding  examples  which  refer  to  the  bracket  only  are 
strictly  arbitrary,  and  have  been  proposed  for  the  purpose  of 
showing  in  what  manner  the  formulae  arising  from  the  investi- 
gation are  to  be  applied;  but  as  a  further  illustration  of  the 
advantages  to  be  derived  from  the  adoption  of  the  system  just 
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discussed^  we  shall  revert  to  the  bridge  across  the  Riyer  Leren 
for  which  the  quantity  of  materials  has  already  been  ascertained. 
The  whole  quantity  of  material  employed  is  apparently  very 
small^  and  if  compared  with  that  which  would  be  required  on 
the  old  principle,  might  tend  to  create  a  doubt  as  regards  the 
strength  and  stability  of  the  structure.  In  order,  therefore,  to 
remove  any  suspicions  that  may  be  entertained  on  that  point, 
we  shall  here  endeavour  to  show  that  the  material  used,  though 
small  in  quantity,  is  amply  sufficient  to  sustain  a  much  greater 
load,  than  under  any  possible  circumstances  can  ever  be  brought 
upon  the  platform. 

There  are  four  points  of  suspension,  and  at  each  point  there 
are  twelve  bars  in  the  chains  besides  two  oblique  suspending 
rods,  all  of  |ths  of  an  inch  in  diameter ;  this  gives  a  section  of 
8*4185  square  inches  at  each  tower  or  point  of  support,  or,  in 
all,  33*674  square  inches  of  section.  Now,  since  the  absolute 
tensile  power  of  a  |th  bar  of  malleable  iron  of  a  medium 
quality  is  35000  lbs.  very  nearly,  the  absolute  strength  of  the 
iron  at  the  joints  adjacent  to  the  towers  is  875  tons,  for 

(12=2)x4x35000=1960000tbs.=875  tons. 

In  the  next  place,  we  have  to  ascertain  the  greatest  tension, 
that  under  any  circumstances  can  come  upon  the  chains  at  the 
points  of  support,  and  for  this  purpose  we  shall  suppose  the 
weight  of  the  platform,  chains,  diagonal  rods,  &c.,  between 
the  towers  to  be  67200  fts.,  and  taking  the  greatest  extraneous 
load  to  which  a  bridge  ought  ever  to  be  exposed  at  120  lbs.  per 
square  foot,  we  get 

1 90  X  20  X  120=456000  lbs. 

the  length  of  the  platform  being  190  feet;  therefore  we  have 
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Now^  the  angle  which  the  first  series  of  bars  would  make 
with  the  platform,  if  continued  downwards  till  they  intersect 
it,  is  24  degrees,  and  the  natural  cosecant  of  24  degrees,  is 
2*458591 ;  consequently,  by  equation  1  (page  Iv),  we  obtain 
for  the  effect  of  obliquity, 

523200x2-458591  =  1286334-81 12  lbs.,  or  574-2566  tons. 

Let  this  be  subtracted  from  the  absolute  power  of  the  iron  at 
the  points  of  suspension,  and  we  have 

875-574-2566=300-7434  tons, 

which  is  the  surplus  strength  in  the  chains  after  the  platform  is 
fully  loaded ;  and  every  part  of  the  structure,  if  properly  tested, 
woidd  be  found  equally  sufficient  for  the  intended  purpose. 

The  preceding  method  of  obtaining  the  surplus  strength  of 
the  bridge  is  simple  and  easily  applied,  but  it  may  be  done 
otherwise  as  follows. 

We  have  found  that  the  entire  weight  to  be  supported  in  an 

extreme  case  is  523200  tbs.,  and  we  have  moreover  seen,  that 

the  viltimate   strength  of  a  single   bar  of  the   iron   used,  is 

35000  lbs. ;  consequently,  the  number  of  bars  required  at  the 

towers  will  be 

523200-h35000=  14-948  bars. 

This,  however,  is  on  the  supposition  that  the  iron  is  strained 
vertically  in  the  direction  of  its  fibres,  but  this  in  the  case 
of  a  bridge  is  contrary  to  fact,  the  bars  being  all  placed  in 
an  oblique  position  with  respect  to  the  horizon,  while  the 
weight  acts  in  a  direction  perpendicvilar  to  it;  the  power  of 
the  iron  must  therefore  be  reduced  in  the  ratio  of  radius  to 
the  sine  of  the  angle  of  obliquity ;  or,  which  is  the  same  thing, 
the  weight  must  be  increased  in  the  ratio  of  the  cosecant  to 
radius.  Now  the  angle  of  obliquity  is  24  degrees,  and  its 
cosecant  2*458591 ;  hence  we  get 

523200  X  2-458591 -^35000=36-75  bars  ; 
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but  there  are  56  bars  at  the  towers  in  the  Balloch  Bridge ;  con- 
sequently we  have 

56-36-75=  19-25  bars, 

or  4"8125  bars  at  each  tower  for  the  surplus  strength^  even  in 
the  case  of  an  extreme  load. 
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PREFACE. 

The  Author  of  the  following  Essay  and  Treatises  begs  it  to 
be  remarked  that  they  have  been  written  sequently  as  they 
appear;  and  as  the  composition  has  been  spread  over  more 
than  three  years,  and  the  continued  research  and  study  which 
the  subject  demanded  have  been  followed  by  new  ideas  on 
some  matters,  and  perhaps  better  information  on  others,  dis- 
crepancies may  occur  between  the  earlier  and  the  later  por- 
tions of  the  work.  These,  however,  can  be  but  slight,  and 
need  not  detract  in  any  degree  from  the  usefulness  of  the  work 
if  it  be  taken  as  a  whole, — greater  weight  being  always  given  to 
a  later  than  to  an  earlier  expression  of  opinion  when  any  dif- 
ference may  appear,  or  be  found,  to  exist. 

The  Author  claims  for  himself  originality  in  the  suggestion 
of  groining  a  bridge  arch,  or  of  carrying  a  groining  through  the 
length  of  a  series  of  arches,  and  which  he  believes  may  be- 
come of  great  importance  in  the  composition  of  bridges; — he 
believes  himself  entitled  also  to  whatever  credit  may  be  due  for 
suggesting  and  showing  in  what  manner  a  bridge  may  be  further 
improved  and  economized  by  placing  the  parapets  upon  a  cor- 
belled cornice,  and  generally  for  the  evidence  he  has  produced 
to  show  that  piers  may  be  greatly  reduced  in  thickness  and  the 
bays  extended,  without  detracting  from  the  suflScient,  or  from 
even  the  apparent,  strength  of  such  a  work  as  a  bridge. 

The  Author  desires  it  to  be  understood,  however,  that  he 
claims  no  credit,  and  acknowledges  no  responsibility,  for  any 
thing  in  the  present  publication,  or  in  the  engraved  dra^iings 
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(  bridges  attaclied  to  it,  but  what  w  contained  in  tUe 
immediately  preceding  Preliminary  Essay,  and  Practical  and 
Architectural  Treatises,  with  their  wood-cut  illustrations,  and 
the  illustrations  contained  in  the  Plates  numbered  88,'  1 9,  and 
39,  these  being  respectively  Perronet's  design  for  bridges  at 
Melun, — longitudinal  sections  of  the  river  under  the  central 
arch  of  Old  London  Bridge,  from  Smeaton, — and  the  central 
arch  of  London  Bridge,  as  it  is,  and  arranged  to  show  the 
longitudinal  central  groining  and  corbelled  parapet  cornice, 
suggested  in  the  test,  applied  in  such  a  work. 

The  Author  would  beg  to  state  further  that  the  delays  in  the 
production  and  publication  of  the  parts  of  which  this  volume 
is  made  up  are  wholly  attributable  to  him,  and  not  in  any  way 
to  the  Publisher,  whose  patience  has  often  been  wearied  past 
endurance  by  the  enforced  procrastinations  of  the  Author,  who 
has  been  able  to  devote  to  the  work  only  such  time  as  he 
could  spare,  and  tliat  often  occurring  at  long  intervals,  &om 
tlie  more  active  duties  of  professional  life. 

William  Hohkino,     J 
London,  October,  1843.  % 
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A  Bridge  is  a  constructed  platform  supported  at  in- 
tervals, or  at  remote  points,  for  the  purpose  of  a  road- way 
over  a  strait,  an  inlet  or  arm  of  the  sea,  a  river  or  other 
stream  of  water,  a  canal,  a  valley  or  other  depression,  and 
over  another  road,  and  is  distinguished  from  a  causeway, 
or  embanked  or  other  continuously  supported  road-way, 
and  from  a  raft,  by  being  so  borne  at  intervals,  or  at  re- 
mote points.  Constructions  of  the  nature  and  general 
form  and  arrangement  of  bridges,  such  as  aqueducts  and 
viaducts, — the  former  being  to  lead  or  carry  streams  of 
water  or  canals,  and  the  latter  to  carry  roads  or  rail- 
ways upon  the  same  or  nearly  the  same  level  over  de- 
pressions,— are  in  practice  considered  as  bridges,  although 
they  are  not  such  in  the  commonly  received  sense  of 
the  term.  Taken,  however,  in  the  sense  which  the  most 
plausible  etymology  that  has  been  suggested  of  the 
term  ^  would  require, — the  word  bridge  being  formed  by 

*  '*  Skinner's  conjecture,  that  the  final  part  of  the  word,  so.  rige,  is 
the  Anglo-Saxon  rige,  hricg,  a  ridge, — appears  worthy  of  notice.     It 
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prefixing  the  constructive  be  to  ridge, — a  bridge  is  an 
elevated  construction  upon  or  over  a  depression  and 
between  depressed  points.  The  bridge  of  the  middle 
ages,  or  of  the  period  when  the  term  bridge  was  formed 
to  indicate  the  object,  w^as  indeed  what  the  term  appears 
to  indicate,  a  constructed  ridge.  Arched  in  one  span, 
or  with  the  effect  of  an  arch  of  one  span, — the  outer  arch 
including  a  series  of  arches,  of  sizes  adapted  to  fill  it,  or 
to  produce  its  form, — the  old  bridge  of  the  European 
nations,  from  the  decadence  of  the  Roman  empire  nearly 
until  the  present  time,  springs  from  the  low  margins  of  a 
stream,  and  rises  to  a  high  summit  over  it;  fully  jus- 
tifying the  term  applied  to  designate  it  as  an  object ;  and 
that  tenn  change  and  custom  have  made  appUcable  to 
objects  of  various  form,  proportion,  mode  of  arrangement 
and  construction,  but  serving  the  same  purpose  and 
answering  the  same  end. 

These  remarks  are  with  reference  to  the  English  term 
hriiUje ;  but  what  we  so  designate  was  made  and  used,  in 
some  form  or  other,  ages  before  the  peculiar  construction 
alluded  to  had  given  rise  to  that  or  to  any  other  now 
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iiirther  than  may  be  necessary  to  make  the  terms  appUed 
clearly  intelHgible,  and  to  develope  the  practice  of  bridge- 
building  in  all  cases  which  may  tend  to  elicit  the  best 
mode  or  modes  of  practice  to  attain  any  particular  end. 
Whether  the  r€<l>vpa  of  the  Greeks,  or  the  Pons  of  the 
Latins,  had  any  more  definite  appUcation  to  the  bridge,  or 
mode  of  constructing  bridges,  of  the  Greeks  and  Romans 
respectively,  than  the  English  word  Bridge  has  to  the 
varieties  of  composition  and  construction  that  the  present 
practice  of  bridge-building  involves,  it  would  be  irrelevant 
to  inquire,  and  impossible  to  determine.  If  pons  be  de- 
rived from  pendeo,  to  hang  in  the  air,  it  may  be  held  to 
intimate  that  the  Romans  made  suspension  bridges,  and 
probably  with  tendrils  or  thongs,  before  they  acquired 
the  art  of  building  such  structures  as  the  bridges  which 
remain  to  the  present  day,  of  their  work.  If,  however, 
pons  be  from  pono,  to  place  or  lay  down,  it  may  be  that 
the  stepping-stones  of  a  brook  gave  origin  to  the  term, 
since  apphed,  in  the  sense  of  the  EngUsh  term  bridge, 
to  the  magnificent  works  which  still  attest  the  power 
and  give  evidence  to  the  skill  of  the  extraordinary  people 
who  constructed  them.  The  Greek  term  may,  in  like 
manner,  be  tortured  into  presumed  components,  to  show 
why  and  how  it  applies  as  a  term  to  what  we  designate  a 
bridge,  although  lexicographers  treat  r€(f)vpa  as  a  pri- 
mitive word ;  but  no  useful  end  would  be  answered  by 
pursuing  such  speculations  further  in  this  place. 

A  bridge,  taken  as  a  word  and  not  as  a  mere  terra,  is 
simply  and  substantively  a  thing  by  which  a  difficulty 
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may  be  surmounted  and  got  over,  and  the  works  which 
we  term  bridges  are  physical  constructions,  artfully  con- 
trived for  getting  over  physical  obstructions,  or  diffi- 
culties of  a  certain  kind  ;  the  difficulties  themselves  being, 
m  a  great  number  of  cases,  only  as  it  regards  peculiar 
conveniences,  or  arising  from  the  use  of  artifices  which 
require  peculiar  facilities  to  make  them  available.     A 
streamlet,  that  may  hardly  be  called  a  brook,  being  in  a 
gully  over  which  a  man  may  step,  stops  the  way  to  a 
carriage  upon  wheels,  and  thereby  impedes  the  progress 
of  the  explorer,  or  of  the  migrating  colonist  with  his  bul- 
lock-waggon, and  intercepts  the  march  of  an  army  with 
its   artillery.     The  rude  temporary  bridge  which   may 
give  the  means  of  overcoming  the  difficulties  interposed 
by  a  brook  to  such  parties  as  those  supposed,  and  who 
require  it  but  for  the  occasion,  is  found  insufficient  when 
the  settler  has  to  take  the  productions  of  his  farm,  or 
of  his  flocks  and  herds,  to  market  by  the  same  route,  or 
when  the  country  on  both  sides  has  become  subject  to  the 
same  military  command.     Permanence  has  then  become 
essential  to  the  value  of  the  bridge,  as  a  means  of  over- 
coming the  difficulty  occasioned  by  the  brook ;  but  com- 
merce recjuires  that  facility  of  approach  and  passage  shall 
be  added  to  permanence,    and  joins   with    luxury   and 
refinement    in  demanding   also   that  to   these   shall   be 
superadded  beauty  of  material  and  elegance  of  design. 
To  pursue  this  case  further ; — commerce  and  its  con- 
comitants may  be  supposed  to  have  refused  to  remain 
satisfied  with  the  bridge  by  which  the  brook  is  passed 
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over,  though  it  combine  comparative  ease  of  approach 
with  convenience  of  passage  and  agreeableness  of  design, 
and  to  demand  that  the  whole  depression  or  valley  shall 
be  obliterated  in  its  effect  upon  the  road,  by  a  bridge 
from  one  summit  to  the  other ;  so  that  commerce  may 
carry  on  its  business,  and  luxury  pursue  its  pleasures,  at 
the  speed  of  a  bird  in  the  air. 

In  like  manner  it  is  required,  that  in  addition  to 
facility  of  passage  over  and  upon  a  bridge,  there  shall 
be  facility  of  passage  under  it ;  and  not  for  the  stream 
merely,  but  also  for  the  commerce  of  men  and  merchan- 
dise which  are  borne  along  upon  the  waters.  Bridges 
are  made  to  obviate  this  difficulty,  and  the  social  and 
commercial  intercourse  of  communities  and  nations  pass 
along  at  the  same  time  and  with  equal  facility  and  con- 
venience, in  their  different  modes,  upon  the  waters  of  a 
river,  strait,  or  estuary,  as  the  case  may  be,  and  upon 
the  road  which  a  bridge  carries  over  it. 

Such  speculations  as  the  foregoing  might  be  extended 
almost  indefinitely  ;  but  it  may  be  enough  to  have  called 
attention  to  this  consideration,  that  a  bridge  is  not  of 
one  particular  form,  size,  proportion,  material,  mode  of 
construction,  arrangement,  or  design,  but  that  it  is  such 
as  circumstances  require  it  to  be.  It  may  therefore  be 
desirable  to  point  out  generally  the  circumstances  that 
arise  in  which  a  bridge  becomes  necessary,  or  may  be 
required,  before  entering  upon  the  modes  of  answering  the 
demand,  and  meeting  the  various  exigencies  that  w  ill  arise. 

The  first  and  most  obvious  circumstance  that  dictates 
the  necessity  of  a  bridi^e  is  the  occurrence  of  a  stream  or 
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body  of  water  in  the  line  of  a  great  public  road ;  such 
obstruction  to  the  continuity  of  a  road  being  otherwise 
either  physically,  politically,  or  economically  impassable : 
though,  indeed,  it  is  of  frequent  occurrence  that  when 
the  necessity  exists,  other  contingent  circumstances  make 
it  similarly  impracticable  to  construct  a  bridge.  A 
torrent  may  be  so  spread  upon  a  wide  flat  bed  as  to  be 
easily  fordable  ;  but  if  it  be  confined  within  a  deep 
ravine  or  gully  it  may  be  called  physically  impracticable 
for  a  road  without  a  bridge  ;  as  a  river,  estuary,  strait, 
or  arm  of  the  sea,  being  wide  and  having  low  banks,  may 
be  both  politically  and  economically  impracticable  for  an 
erected  bridge,  where  the  navigation  for  vessels  with 
lofty  rigging  is  to  be  kept  free :  whilst  it  may  be  eco- 
nomically practicable  by  means  of  a  passage  raft  or 
punt,  or  as  such  a  contrivance  is  commonly  called,  in 
the  more  general  sense  of  the  term  bridge,  a  floating 
bridge.  Floating  bridges  or  ferries  will  indeed  be  often 
found  sufficient  for  the  demand  of  a  particular  Une  of 
road  where  no  political  obstruction  exists  to  the  erection 
of  a  bridi:;e  to  carry  the  road  over :  the  width  of  the 
passage  being  sui)poscd  so  great  as  to  make  the  latter 
economically  difficult,  if  not  impracticable.  It  must  not 
be  overlooked,  however,  that  tiie  use  of  a  road  is  greatly 
affected  by  the  facilities  which  it  presents  to  the  traveller  ; 
and  the  fact  that  a  floating  bridge  or  ferry  is  not  fully 
employed,  affords  no  proof  that  the  public  serv  ice  does 
not  recjuire  that  the  road  should  he  made  continuous  by 
tlie  erection  of  a  briclico,  even  when  the  ferry  appears  to 
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The  necessity  of  keeping  the  navigation  of  a  river  or 
other  water-way  open  for  loftily  rigged  sea-going  vessels 
may  be  sufficient  to  prohibit  the  erection  of  a  bridge 
where  it  would  be  otherwise  highly  desirable.  The  great 
mail-road  from  the  metropolis  through  Bristol  into  South 
Wales  is  intercepted  by  the  Severn ;  the  river  being 
wide,  its  banks  low,  the  water  sufficient  for  marine  navi- 
gation, and  the  trade  of  the  country  requiring  that  its 
course  should  remain  open  for  that  purpose,  the  erection 
of  a  bridge  is  almost  absolutely  prohibited,  as  none 
could  be  built  but  in  such  manner  and  at  such  cost  as 
to  make  it  economically  impracticable. 

High  banks  and  the  comparative  narrowness  of  the 
channel,  in  both  cases,  rendered  it  practicable  in  every 
point  of  view  to  pass  a  road  over  the  Wear  at  Bishops' 
Wearmouth,  by  Sunderland,  without  intercepting  the 
navigation  of  the  river ;  and,  in  like  manner,  the  Straits 
of  the  Menai  are  passed  over  by  the  great  Holyhead  road 
without  impeding  the  passage  of  ships  through  the  Straits. 

Bridges  are,  indeed,  as  various  as  the  circumstances 
that  demand  them,  and  under  which  they  are  executed. 
There  are  large  classes  of  works,  however,  answering 
for  and  bearing  the  name  of  bridges,  that  must  be 
excluded  from  a  treatise  like  the  present,  which  is 
limited  to  the  arts  of  designing  and  executing  per- 
manent constructed  erections  as  bridges.  Bridges  on 
boats  or  on  rafts,  as  ferry  bridges  and  works  of  that 
class,  require  to  be  separately  treated  of,  whilst  the 
various  expedients  used  by  the  military  engineer  for 
faciUtating  the  passage  of  troops  with  their  baggage  and 
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the  materials  of  war  across  rivers,  or  other  obstructions 
of  the  same  kind,  must  continue  to  form  a  separate 
study ;  for  the  more  common  want  is  that  which  it  is 
desired  here  to  supply. 

Constructed  erections  as  bridges  are  formed  of  various 
materials  ;  and  these  are,  for  the  most  part,  timber, — the 
practice  of  combining  which  is  known  as  carpentry ; 
stone, — the  working  and  setting  of  which,  or  rather  the 
i:esult  of  the  working  and  setting  stone  in  construction, 
is  called  masonry  ;  ^  brick, — which  is  known  in  com- 
position as  brick- work  ;  and  iron, — which  is  prepared  by 
the  founder,  and  fitted  and  fixed  by  the  smith,  the  result 
of  their  joint  labours  being  designated  simply,  iron- work. 

Although  a  bridge  may  be  built  almost  entirely  of 
timber,  as  indeed  bridges  often  are  built, — except  as  to 
the  smith's  work  in  the  form  of  shoes,  rings,  hoops, 
straps,  bolts,  nuts,  washers,  screws,  spike  and  other  nails, 
which  the  carpenter  finds  essential  to  the  proper  and 
efficient  combination  of  his  principal  material, — the  best 
timber  bridges  are  those  in  which  solidity  and  evenness 
of  pressure,  with  power  of  resistance  and  retention,  are 


2  It  is  desirable  in  matters  relatins^  to  building,  as  well  as  in 
most  others,  that  terms  should  be  exclusively  apphed  to  what  they 
best  define,  describe,  or  intend.  Masonry,  taken  as  it  is  commonly 
defined,  "  ors  canncntnria,''  must  include  building  with  bricks,  as  well 
as  working  and  building  with  stone,  or  their  results  in  execution ;  but 
this  extensive  apphcation  of  the  term  is  inconvenient,  and  it  will  be 
restricted  in  this  treatise  to  what  is  best  understood  by  it, — cemented 
constructions  of  the  natund  substances  known  as  stone, — whilst  brick- 
work will  be  used  to  describe  cemented  constructions  of  the  artificiid 
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given  by  piers  and  abutments  of  masonry  or  brick-work  ; 
and,  in  like  manner,  what  is  called  an  iron  bridge  may 
be  said  to  require  that  its  piers  and  abutments,  or  other 
points  of  support,  shall  be  of  masonry,  or  of  a  com- 
bination of  mason's  work  and  brick-work.  Bridges  are 
built,  and  in  some  cases  most  efficiently  so,  of  brick- 
work alone;  but,  that  a  brick  bridge  may  be  durable 
and  sightly,  it  is  almost  always  necessary,  and  it  is  always 
desirable,  that  some  of  the  more  exposed  parts  should  be 
of  stone.  Masonry  may  stand  alone  in  the  coifiposition  of 
a  bridge,  but  neither  brick-work  nor  masonry  alone,  nor 
the  two  in  combination,  can  be  made  to  effect  such  objects' 
as  may  be  attained  by  the  aid  of  the  iron-founder  and 
smith,  and,  indeed,  of  the  carpenter  with  his  timber. 

Circumstances  will,  however,  and  they  frequently  do, 
dictate  the  material  of  which  a  bridge  shall  be  built. 
The  locality  will  often  point  out  the  material  by  fur- 
nishing one  particular  kind  and  denying  others,  and  the 
use  of  that  kind  economy  will  very  generally  impose, 
unless,  indeed,  the  end  to  be  answered  cannot  be  attained 
without  the  aid  of  some  other. 

Of  all  the  materials  used  for  bridge-building,  timber  is 
the  most  extensively  and  variously  available;  it  is  the 
material  with  which  most  can  be  effected  at  the  smallest 
cost,  except  in  very  .extraordinary  localities  and  under 
such  peculiar  circumstances  that  the  exceptions  need 
hardly  be  taken  into  account  here.  Besides  being  itself 
directly  applicable  as  a  material  for  bridge-building,  it  is 
almost  absolutely  essential  as  an  auxiliary  in  erecting  a 
bridge  of  any  magnitude  with  other  materials,  so  that 
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« 

wherever  a  bridge  may  be  built  of  masonry  or  brick- 
work, according  to  the  ordinary  practice  in  making  such 
constructions,  a  bridge  might  be  made  of  the  timber  ne- 
cessary to  assist  in  executing  the  work  with  brick  or  stone. 

Timber  is,  nevertheless,  the  most  Uable,  of  all  the 
materials  named,  to  destruction  from  natural  decay,  and 
it  is  more  exposed  than  stone,  brick,  or  iron,  to  injury 
from  accident  and  from  incendiarism.  Besides  the  lia- 
bility of  timber  to  early  decay  when  exposed  to  the 
weather  and  to  alternations  of  wet  and  dry,  it  is  also 
subject  to  change  in  its  bulk ;  in  the  first  instance  in 
becoming  seasoned,  or  as  the  natural  moisture  of  vege- 
tation dries  out,  and  constantly  swelling  or  shrinking 
afterwards,  as  it  becomes  wet  or  dry,  until  decay  shall 
have  destroyed  its  absorbent  powers.  Changes  in  bulk 
occasion  changes  in  the  form  of  the  work  composed  of  a 
material  subject  to  such  incidents,  and  a  timber  bridge 
is  therefore  exposed  to  comparatively  early  destruction 
from  that  cause  alone. 

Tliese  remarks  apply  to  timber  generally  ;  but  it  is 
certain  that  some  sorts  are  less  obnoxious  to  the  ob- 
jections stated  to  its  use,  as  a  material  component  of 
a  bridge,  than  others  are ;  and  moreover,  expedients 
are  resorted  to  for  the  purpose  of  protecting  timber 
from  some  of  the  causes  of  decay,  and  in  so  far  making 
it  less  objectionable,  whilst  modes  of  combining  timber 
which  shall  make  it  less  liable  to  be  affected  by  hygro- 
mctric  changes,  and  modes  of  composing  timber  bridge 
constructions  to  aflbrd  the  work  protection  from  the 
weather,  have    been    proposed,    and  as  the  ends  to  be 
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answered  are  important,  such  proposals  deserve  to  be 
fully  considered. 

Iron,  as  the  main  constituent  of  a  bridge,  possesses 
many  valuable  qualities ; — ^its  tenacity  and  power  of  re- 
sistance in  a  comparatively  small  body  allow  of  the 
construction  of  works,  and  the  production  of  effects  with 
it,  which  are  impracticable  and  unattainable  with  any 
other  available  material.  But  the  good  qualities  of  iron 
as  the  main  constituent  of  a  constructed  bridge,  are 
much  affected  by  the  changes  which  take  place  in  its 
bulk  upon  the  access  and  abstraction  of  heat,  together 
with  its  susceptibility  to  chemical  changes,  and  by  the 
most  ordinary  agents.  It  is  thus  more  unstable  in 
framing,  and  more  actively  injurious  to  what  it  may 
thrust  against  and  be  connected  with,  than  timber,  whilst 
its  substance  wastes  away  by  oxidation,  or  it  becomes 
changed  by  other  processes  into  what  is  incapable  of 
performing  the  duties  that  had  been  intrusted  to  the 
unimpaired  iron. 

Exposed  as  the  principal  parts  of  a  bridge  must  be 
to  meteoric  influences,  it  will,  perhaps,  be  found  im- 
possible to  obviate  altogether  the  injurious  effects  of  the 
changes  in  bulk,  or  of  the  expansion  and  contraction 
of  iron  when  used  in  large  ribs,  braces,  and  beams ;  but 
they  may  be  counteracted  in  a  great  degree  by  judicious 
arrangements  in  framing  and  combining  the  parts  of  an 
erection  of  the  kind  alluded  to.  Iron  may  also  be  pro- 
tected to  some  extent  from  the  canker  of  oxidation  by 
simple  and  renewable  processes ;  and  experience  and  ob- 
servation have  taught  us  to  avoid  bringing  iron  into 
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CH)ntact  with  those  influences  which  have  appeared  to 
operate  injuriously  upon  it. 

As  an  auxiliary  in  bridge-building,  iron  is  second  in 
value  to  timber  alone ;  and  indeed  timber  and  iron  may 
be  called  co-essential  auxiliaries,  although  neither  may 
enter  into  the  composition  of  a  structure.  Still  there 
are  but  few  works  of  magnitude  and  importance  into 
which  both  timber  and  iron  do  not,  almost  of  necessity, 
enter;  but  their  introduction  and  application  in  such 
cases  as  are  alluded  to,  demand  the  greatest  prudence 
and  foresight,  that  their  inherent  defects  may  be  pre- 
vented from  coming  into  injurious  operation,  and  that 
their  valuable  qualities  may  be  properly  educed  and 
applied. 

Stone  is,  however,  pre-eminently  the  bridge-builder's 
material.  The  ceirpenter  can  supply  the  want  of  a 
bridge  in  a  comparatively  short  time,  and,  in  most  cases, 
at  a  small  cost ;  and  the  smith  and  founder  will,  with 
moderate  assistance  from  the  mason  or  bricklaver,  effect 
what  cannot  be  done  with  stone,  and  will,  in  some  cases, 
supply  the  place  of  stone  with  iron  where  stone  might  be 
used ;  but  grandeur  of  effect,  power  of  resistance,  and 
eternity  of  endurance,  are  to  be  sought  in  masonry,  in 
the  mason's  art,  and  with  the  mason's  material. 

The  qualities  which  make  stone  so  peculiarly  fit  for 
the  purposes  of  the  bridge-builder  are,  its  incompres- 
sibility  and  inflexibility, — which  may  together  be  ex- 
pressed by  the  one  word  unyieldingness, — its  massiveness, 
or  the  circumstance  of  its  being  obtainable  in  blocks  or 
pieces  of  large  size,  and  its  plastic  virtue,  or  its  capability 
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of  being  cut  or  wrought  to  any  form,  size,  or  figure, 
together  with  its  retentiveness  of  the  form  given  to  it. 
A  further  excellence  in  stone  as  a  material  for  permanent 
constructions,  and  especially  for  bridges,  is  its  almost 
entire  freedom  from  tendency  to  change  in  bulk  through 
meteoric  influepces,  and  more  particularly  from  the  pre- 
sence or  absence  of  moisture  or  of  heat.  Indeed,  the 
substance  of  the  sorts  of  stone  fittest  for  bridge-building 
is  almost  inaccessible  to  moisture,  or  rather  the  stone  is 
good  in  the  ratio  of  its  inaccessibility  to  such  agent, 
whilst  the  expansion  and  contraction  of  stone  from  the 
access  or  egress  of  heat  are  so  small  as  to  have  been 
considered,  till  very  lately,  quite  inappreciable ;  but  in  so 
far  as  the  susceptibility  is  appreciable,  it  is  a  defect.^ 

We  know  of  and  possess  nothing,  however,  as  a  ma- 
terial for  massive  permanent  constructions,  and  fitted 
for  bridge-building  particularly,  so  free  from  liabihty  to 
change  in  bulk,  from  any  natural  influence,  as  stone ; 
and  nothing,  therefore,  considering  its  other  quaUties  as 
essentials,  so  well  adapted  for  the  main  constituent  of 
a  bridge. 

The  practical  inelasticity  of  stone,  which  prevents  it 

^  Mr.  Rennie,  a  son  of  the  eminent  Engineer- Architect  of  Waterloo 
Bridge,  has  remarked  that  the  heading  joints  of  the  coping  course  of 
the  parapets  over  the  haunches  of  every  arch  of  .that  bridge  indicate, 
by  alternately  opening  and  shutting  in  winter  and  summer,  the  access 
or  abstraction  of  heat  in  the  mass  of  the  structure  of  the  arches. 
Professor  Mahan,  of  the  Military  Academy  of  the  United  States  of 
America,  intimates  that  the  influence  of  heat  upon  stone  in  producing 
the  effects  alluded  to,  had  been  remarked  by  Professor  Bartlett,  of 
the  same  establishment. 
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from  being  disturbed  by  concussions,  is  also  to  be  cited 
in  its  favour  for  the  purpose  alluded  to,  but  with  that 
it  possesses  a  quality  which  limits  its  availability  in  some 
important  particulars.  Being  readily  frangible,  stone 
can  only  be  used  and  applied  where  it  shall  not  be  sub- 
jected to  transverse  strain.  It  is  unfit  therefore  for 
beams,  or  to  bear  across  over  a  void,  and  especially 
where  the  situation  or  service  exposes  it  to  disturbance 
from  concussions,  unless  it  be  with  a  bulk  altogether  dis- 
proportioned  to  the  length  borne  over ;  but  it  should  be 
understood  and  received  as  a  principle,  that  the  quality  or 
characteristic  referred  to  renders  stone  unfit  to  be  trusted 
with  a  transverse  strain  under  any  circumstances. 

The  inelasticity  and  frangibihty  of  stone  altogether 
prevent  the  combination  of  parts  by  framing,  as  may  be 
done  with  timber  and  iron,  so  as  to  give  greater  strength 
or  power  of  resistance  to  parts  than  was  possessed  by 
the  whole.  A  stone  may  indeed  be  made  to  carry  a 
greater  weight  across  or  over  a  void  when  cut  up  into 
pieces  of  certain  forms,  if  peculiarly  arranged,  as  in  an 
arch,  than  it  might  be  trusted  with  or  would  carry  across 
the  same  span  in  the  form  of  a  beam  or  hntel ;  but  the 
parts  so  arranged  would  require  the  restraint  of  an  ex- 
traneous tie,  or  a  loading  of  the  abutments  and  haunches, 
which  were  not  necessary  to  the  level  bearing  across,  and 
which  a  susceptibility  of  being  framed,  or  rather  of 
acting  with  effect  as  framing,  would  have  obviated. 

The  foregoing  remarks  apply  to  stone  generically ;  but 
although  the  qualities  mentioned  are  those  which  make 
stone  pre-eminently  the  material  for  permanent  erections 
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of  the  nature  of  bridges,  there  are  others  which  are  es- 
sential to  render  any  sort  of  stone  properly  fit  for  use  in 
the  construction  of  a  bridge,  and  others  again  which  are 
necessary  to  render  a  sort  economically  or  otherwise 
available.  These,  as  well  as  the  sorts  of  work,  or  modes 
of  applying  stone  in  construction,  will  be  discussed  in 
connexion  with  the  subject  of  masonry  as  applied  in 
bridge  constructions. 

Brick,  for  the  purposes  of  bridge-building,  can  only  be 
considered  as  a  substitute  for  stone,  and  will  be  used 
only  when  and  where  stone  of  proper  quaUty  is  either 
physically  or  economically  unattainable.  Brick,  like 
stone,  is  incompressible  and  inflexible,  but  it  is  prepared, 
almost  of  necessity,  in  small,  regular,  and  equal  forms, 
and  these  are  incapable  of  being  changed  in  shape  or 
figure  to  any  useful  purpose.  If  well  made  and  thoroughly 
burnt,  brick  seems  to  be  quite  free  from  liability  to  expand 
or  contract  under  any  influences  to  which  it  can  be  ex- 
posed in  a  bridge ;  but  this  material  cannot  be  used  as  the 
main  constituent  of  any  work  without  a  large  proportion 
of  a  foreign  plastic  substance  to  bed  and  pack  together 
into  coherent  constructions  the  infinite  number  of  minute 
forms  which  brick  as  a  building  material  exhibits.  This 
substance,  under  the  name  of  mortar  or  cement,  is,  from 
its  preparation  and  composition,  yielding  and  changeable, 
until  it  has  set  and  become  perfectly  dry,  which  does  not 
generally  occur  for  some  time  after  it  has  been  appUed. 
How  hard  and  enduring  soever  mortar  or  cement  may 
become  after  a  time,  no  mortars  or  cements  known,  and 
in  use,  are  in  the  first  instance,  nor  do  thev  become  for  a 
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long  time,  if  ever  they  do,  equal  to  the  brick  in  power  of 
resisting  pressure  and  the  various  actions  to  which  bridge 
constructions  are  exposed.  Hence,  and  because  of  the 
equal  and  rectangular  form  given  to  the  brick  in  ordi- 
nary use,  an  arch  turned  witli  uncut  bricks  is  dependent 
entirely  upon  the  mortar  or  cement  with  which  the  bricks 
are  packed,  that  substance  being  inserted  of  necessity  to 
make  up  the  difference  between  the  lengths  of  the  inner 
and  outer  peripheries  of  the  ring,  or  part  of  a  ring,  formed 
by  a  course  of  bricks  in  an  arch.  Thus  it  will  appear, 
that  an  arch  turned  with  uncut  bricks  must  be  liable  to 
change  its  form,  and  consequently  to  become  insecure, 
while  the  mortar  or  cement  remains  compressible,  or  less 
hard  and  unyielding  than  the  substance  of  the  brick. 

These  are  inherent  defects  in  brick-work  as  ordinarily 
practised,  and  it  is  not  pretended  that  any  advantage 
would  be  derived  from  making  bricks  larger  than  they 
are  usually  made,  or  by  making  them  in  forms  adapted 
to  arches  ;  for  to  both  expedients  there  would  be  serious 
objections,  and  the  defects  alluded  to  could  hardly  be 
affected  in  a  sensible  degree  by  either.  No  brick  could 
be  made  well  and  with  economy  that  should  be  of  a 
much  larger  than  the  ordinary  size,  and  no  brick  could 
be  made,  in  like  manner,  for  the  large  arches  wliich  are 
contemplated  when  a  bridge  is  spoken  of,  long  enough 
to  render  it  unnecessary  to  make  up  the  substance 
requisite  to  give  an  arch  of  any  magnitude  sufficient 
strength  by  a  plurality  of  rings ;  unless  indeed  bricks 
were  moulded  to  the  various  forms  and  sizes  necessary 
to  bond  a  large  arcli,  as  in  the  gauged  arch  of  finished 
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house-building,  which  would  be  altogether  out  of  the 
question. 

The  porousness  of  brick,  which  alone  is  enough  to 
render  brick-work  highly  defective  in  all  hydraulic  con- 
structions, is  a  further  objection  to  that  material  in  such 
bridge  constructions  as  expose  the  work  to  the  access  of 
water;  and  these  are  of  constant  occurrence.  Brick  is 
not,  however,  necessarily  porous  in  so  great  a  degree  as 
the  bricks  usually  produced  are  found  to  be ;  but  when 
brick  is  made  more  compact,  it  is  more  costly;  and  if 
bricks  are  subjected  to  any  process  to  close  the  pores, 
the  surface  ceases  to  receive  the  adherence  of  the  usual 
mortars  and  cements. 

But,  as  before  remarked,  with  skill  and  care,  and  with 
good  materials,  in  many  cases  and  under  many  con- 
ditions excellent  constructions  as  bridges,  and  of  the 
nature  of  bridges,  are  built,  and  may  be  built,  of  brick- 
work, or,  better  still,  with  brick  and  stone,  by  a  ju- 
dicious combination  of  the  two ;  stone  being  introduced 
in  chains  and  strings,  to  assist  in  bonding  the  brick- work, 
and  in  springing,  blocking,  and  coping  courses,  and 
upon  sahent  and  exposed  parts  generally,  and  to  receive 
and  distribute  pressure  where  it  is  greatest.  Rigid  ad- 
herence to  the  rationale  of  construction  would,  indeed, 
prohibit  the  combination  in  parallel  positions  of  any  two 
sorts  of  material,  as  brick  and  stone,  which  offer  their 
substances  of  such  widely  different  sizes  and  incoherent 
shapes,  that  no  sure  result  can  be  counted  upon,  because 
of  the  greater  quantity  of  compressible  packing  material, 
as  mortar,  that  must  be  introduced  with  the  one  than  the 
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Other  requires.  Thorough  bonding  courses, — whether  in 
vertical  constructions  or  in  arches, — springing,  blocking, 
and  coping  coiu^es,  are,  however,  not  only  unobjec- 
tionable, but  they  may  have  the  effect  of  materially 
modifying  the  defects  which  do  and  must  exist  in  brick- 
work as  the  main  constituent  of  a  bridge. 

This  general  view  of  the  merits  of  the  principal  ma- 
terials of  which  bridges  are  built,  and  of  the  causes, 
properties,  and  qualities  which  affect  them  in  practice, 
is  intended  to  mark  the  leading  characteristics  of  each  in 
composition,  and  not  to  enter  into  explanatory  details  that 
are  not  necessary  to  a  fair  appreciation  of  them  all ;  but  a 
few  observations  may  be  proper,  to  show  why  a  defect  that 
may  be  obviated  may  yet  constitute  an  objection  to  a 
particular  class  of  materials,  and  why  what  is  an  objection 
to  one  class  of  materials  may  not  be  so  to  another. 

It  has  been  remarked  as  an  objection  to  timber  in 
permanent   constructions,    that   it   changes  its  bulk  by 
shrinking  as  it  becomes  seasoned.     Now,  it  is  obvious 
that  this  may  be  met  in  a  great  degree  by  seasoning  the 
timber   before   it  is  worked  ;    but   bridges  are  built  of 
timber  for  economy  and   dispatch,   and   both   of  these 
would  be   materially   affected  in  almost  every  case  by 
insisting  upon  the  use  of  properly  seasoned  timber ;  so 
that  the  objection  may  stand  for  what  it  is  worth,  or  be 
put  aside  as  inapplicable,  according  to  the  circumstances 
of  each  particular  case.     Again,  it  is  a  broad  objection  to 
brick-work,  that  so  large  a  proportion  of  what  should  be 
an  entire  unyielding  mass  in  construction,  is  a  yielding 
compressible  substance  ;  and  this  objection  is  stated  to  be 
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stronger  as  it  regards  the  construction  of  arches  in  brick- 
work, because  the  rectangular  form  of  the  brick  renders 
it  necessar}^  that  the  value  of  the  arch-form  in  con- 
struction should  be  derived  from  the  insertion  of  mortar 
in  the  triangular  wedge-formed  spaces  which  are  left 
between  the  bricks  in  an  arch.  This  may  be  met  by 
cutting  the  bricks;  but  bridges  are  built  of  brick  for 
economy,  and  it  would  be  an  endless  task  to  do  this  for 
a  large  work  ;  besides  that,  it  would  in  reality  be  of  very 
little  value  when  done,  as  before  intimated,  since  there 
must  still  be  a  body  of  compressible  mortar  in  every 
joint,  to  fill  inevitable  interstices  and  to  bed  the  bricks, 
whilst  the  shallow  rings  of  which  a  large  brick  arch 
must  be  composed  would  still  remain  unbonded  together. 
The  repetition  of  the  brick  in  rings,  each  ring  outwards 
holding  more  solid  matter  than  that  within  it,  practically 
meets  the  difficulty,  though  it  does  not  remove  it,  nor 
does  it  bond  the  rings  to  make  every  one  of  value  to 
all  the  rest. 

The  objection  to  brick-work  for  bridge-building,  be- 
cause of  the  mortar  required  in  its  composition,  may  be 
held  to  apply  to  masonry  also ;  but  in  well-proportioned 
and  well-executed  upright  and  horizontally  coursed  ma- 
sonry it  is  an  objection  little  more  than  in  name,  as  the 
infrequency  of  the  joints,  and  the  truth  with  which  the 
sides  or  beds  of  the  stones  are  wrought,  requiring  but 
a  thin  stratum  of  mortar  to  seat  and  joint  the  stones,  the 
character  of  such  construction  for  unyieldingness  ought 
not  to  be  sensibly  affected  by  the  practical  necessity  for 
mortar  in  its  composition.     Nevertheless,  it  should  be 
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borae  in  mind  that  a  tendency  to  imperfection,  through 
this  practical  necessity,  does  exist,  and  it  may  be  taken 
as  a  rule  in  masonry  setting  that  there  should  be  no 
more  mortar  in  any  joint  than  enough  to  prevent  the 
absolute  contact  of  the  stone,  that  the  air  may  be  ex- 
cluded, and  an  even  bearing  secured.  In  large  arches 
the  tendency  to  imperfection  which  the  existence  of 
mortar  in  the  radiating  joints  occasions,  becomes  a  po- 
sitive defect,  which  is  felt  in  a  greater  or  less  degree 
according  to  the  quantity  of  mortar  in  the  joints.  In 
this,  then,  consists  the  broad  distinction  between  brick  and 
stone  in  the  composition  of  a  bridge  arch  with  reference 
to  the  employment  of  the  yielding  and  compressible 
substance,  mortar.  In  a  rough  brick  arch  mortar  is 
essential  to  the  formation  of  the  arch, — that  is,  to  give  the 
form  and  to  obtain  the  virtue  of  an  arch, — and  in  a  stone 
arch  mortar  is  only  necessary  to  take  the  place  of  the  air 
which  the' unpolished  surfaces  would  otherwise  allow  to 
circulate  in  the  joints ;  the  service  performed  by  the 
mortar  being  the  mechanical  one  of  excluding  the  air, 
and  thereby  promoting  the  cohesion  of  the  separate 
blocks. 

It  may  be  further  remarked,  that  quick  setting  mortars 
or  cements,  which  are,  for  the  most  part,  much  less  yield- 
ing than  ordinarj^  mortar,  may  be  used  with  bricks  in 
brick-work,  and  their  use  certainly  lessens  the  objection 
to  brick -work  in  respect  of  the  mortar ;  but  it  makes  an 
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of  the  materials  cannot  be  brought  to  bear  and  to  pro- 
duce its  eflfect  in  compression  until  the  centering  is 
removed,  when  fractures  are  produced  where  common 
mortar  would  have  accommodated  itself  without  material 
detriment  to  its  future  usefulness  in  the  work.  In  works 
of  hewn  masonry,  quick  setting  cements  cannot  be  used 
with  propriety  at  all,  because  of  the  time  that  must 
elapse  in  and  between  the  spreading  of  the  mortar, 
and  the  bedding  or  setting  of  a  heavy  stone  in  its  place 
upon  it. 

In  the  foregoing  remarks  no  agcount  has  been  taken  of 
rubble  masonry,  as  it  can  hardly  be  admitted  at  all  in  the 
construction  of  a  bridge,  that  sort  of  work  being  liable  to 
all  the  objections  which  the  use  of  an  indefinite  quantity 
of  a  compressible  and  yielding  substance  irregularly  mixed 
with  a  hard  and  rigid  material  in  shapeless  masses  can 
occasion.  Excellent  work  for  many  purposes  may  be 
produced  with  rubble  masonry,  but  it  is  not  to  be  in- 
cluded in  the  masonry  adapted  for  bridge-building  as 
a  matter  of  choice  or  selection.  Strong  and  adhesive 
mortars  will  enable  the  mason  to  construct  what  shall 
have  the  form  and  serve  the  end  of  an  arch,  if  it  be 
of  small  size  and  quick  sweep ;  but  unless  the  work  is 
made  by  dressing  and  shaping  the  stones  to  bear  over 
all  with  the  power  of  resistance  of  the  main  constituent, 
the  result  can  only  have  the  strength  of  the  mere  mortar, 
whatever  that  may  be.  There  are  circumstances,  indeed, 
under  which  a  bridge  of  sufficient  strengtii  and  durability 
for  what  is  required  may  be  formed  of  concrete,  but  such 
would  not  be  a  construction,  nor  can  an  arcli  ol*  rubble 
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masonry  be  considered  but  as  a  better  sort  of  concrete 
formation.  It  must  be  distinctly  understood,  however, 
that  the  objection  to  placing  dependence  upon  mortar 
rests  upon  the  presumption  that  it  is,  as  mortars  usuaUy 
are,  less  capable  of  resistance  to  pressure,  and  that  it  is 
in  other  respects  less  trustworthy  than  the  stone  or  brick 
set  in  it. 

Such  being  the  leading  characteristics  in  composition 
of  the  usual  main  constituents,  or  of  the  principal  com- 
ponent materials  of  the  dilSerent  classes  of  bridge  con- 
structions, the  next  consideration  is,  under  what  circum- 
stances any,  and  what  one,  may  be  adopted  for  applica- 
tion in  preference  to  any  other. 

It  may  be  stated  as  a  general  rule, — liable,  of  course, 
as  all  general  rules  are,  to  exceptions, — that  wherever 
the  object  to  be  attained  in  the  use  of  a  bridge  can  be 
effected  with  timber,  the  same  end  may  be  answered 
better  and  more  effectually,  both  for  use  and  duration, 
with  iron ;  and  wherever  and  whenever  the  objects 
proposed  in  the  use  of  a  bridge  can  be  attained  by 
the  use  of  brick,  the  same  thing  can  be  done  better 
and  more  ofFectually,  in  every  sense  of  the  word,  and 
for  every  purpose,  with  stone  ;*  whilst  iron  and  stone  are 
available  to  the  accomplishment  of  objects  that  are  un- 
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attainable  with  timber  and  brick  respectively.  Wherever, 
again,  a  choice  exists  between  iron  and  stone,  the  latter 
will  deserve  the  preference,  though,  as  it  has  been  abready 
remarked,  there  are  many  objects  attainable  by  the  use 
of  iron  that  cannot  be  accomplished  with  stone. 

But  the  uses  of  life  require  bridges  for  the  mere  ends 
they  answer,  and  the  best  that  can  be  obtained  must 
often  be  accepted  where  a  better  would  be  desired. 
Timber  and  brick  will  answer  the  commercial  demand 
of  society  as  efficiently,  for  the  time,  as  iron  and  stone ; 
and  ^the  art  of  constructing  a  bridge  in  the  readiest, 
simplest,  and  cheapest  form,  will  be  found,  in  the  great 
majority  of  instances,  more  valuable  than  that  of  erecting 
the  most  magnificent  and  the  most  dm-able. 

Economical  considerations  will  thus  seek  to  control,  as 
they  will  often  direct,  what  a  required  bridge  shall  be 
made  of.  An  infant  or  scattered  commimity  would  act 
unwisely  in  expending  its  energies  in  the  erection  of 
costly  bridges  whilst  their  lands  remained  uncultured 
and  their  flocks  and  herds  untended.  Bridges  may  be 
supposed  necessary  to  give  value  to  the  products  of 
industry,  but  these  must  be  adapted,  in  the  cases  sup- 
posed, to  supply  the  want  with  the  smallest  expenditure 
of  labour;  the  works  being  executed,  nevertheless,  rather 
in  advance  of  the  existing  condition  of  the  community, 
that  the  benefit  the  works  themselves  will  confer  may 
not  leave  them  behind  the  improved  condition  of  the 
community.  Bearing  in  mind,  then,  the  merits  of  the 
various  classes  of  construction,  as  characterized  by  their 
main  constituents,  the  economical  condiHon  -^  ' 
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company,  or  community^  and  the  end  to  be  answered, 
the  engineer-architect  will  estimate  and  advise,  not  with 
reference  to  what  he  would  desire,  but  to  what  is,  under 
the  circumstances,  properly  required.  Giving  their  due 
weight  to  those  considerations  which  affect  the  durability 
of  a  structure  of  the  kind  contemplated,  the  aim  should  be 
^rather  to  counteract  injurious  tendencies  in  the  cheaper 
materials,  than  to  make  their  existence  an  excuse  for 
adopting  the  more  expensive  unnecessarily,  while  it  must 
not  be  overlooked  that  the  conservation  and  repairs,  with 
the  tendency  to  early  destruction,  of  the  cheaper,  may 
more  than  counterbalance  the  original  cost  of  the  more 
expensive  but  more  enduring  class  of  construction. 

Where  the  navigation  of  a  water-way  is  of  great  im- 
portance, it  may  be  proper  to  make  it  a  consideration  in 
advising  or  determining  upon  the  class  of  construction  to 
be  adopted  in  building  a  bridge  over  it,  whether  one  or 
another  will  allow  of  the  erection  with  least  interruption 
to  the  navigation  ;  and  it  may  be  a  part  of  the  economical 
consideration,  how  far  the  repairs  essential  to  the  conser- 
vation of  the  structure  can  be  effected  from  time  to  time 
without  occasioning  interru[)tion  to  the  traffic  upon  the 
bridge  itself,  as  well  as  to  the  navigation  mider  it.  The 
same  may  be  said,  indeed,  in  the  cctse  of  a  road  over 
which  another  road,  a  railway,  or  a  canal,  is  to  be 
carried;  interference  with  one  channel  of  social  com- 
merce must  be  taken  into  account  in  providing  the 
means  of  another,  and  to  that  must  be  added  the  con- 
sideration of  its  liability  to  recur. 

It  can  seldom  happen  that  it  will  not  be  desirable  to 
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make  a  bridge  with  the  smallest  possible  number  of 
points  of  support,  seeing  that  by  far  the  greatest  pro- 
portion of  the  contingencies  to  be  provided  for  and 
against  are  most  conveniently  disposed  of  by  an  arrange- 
ment to  that  effect.  Piers  in  a  water-way  intercept  the 
current  and  impede  the  navigation ;  they  are  most 
troublesome  and  expensive  to  found  and  form,  and  are 
most  exposed  to  injury  when  they  are  formed.  The 
object  of  the  bridge  itself — a  convenient  road  over — 
being  properly  provided  for,  and  the  permanence  of  the 
structure  being  sufficiently  considered,  it  is  not  too  much 
to  say  that  the  aim  and  end  of  the  bridge-builder  should 
be  to  reduce  the  piers  to  the  smallest  possible  number 
consistently  with  a  due  regard  to  economy.  Of  all  the 
bridges  over  the  Thames  at  and  near  London,  the  Sus- 
pension Bridge  at  Hammersmith  interferes  feast  with  the 
navigation  of  the  river,  and  is  the  least  exposed  to  injury 
from  the  action  of  the  current  upon  its  points  of  support, 
these  having,  to  a  certain  extent,  the  effect  of  embank- 
ment walls,  which  prevent  the  stream  from  spreading 
itself  uselessly,  if  not  injuriously,  over  a  wide  shallow 
bed,  and .  direct  the  current  upon  the  mid-channel, 
whereby  it  is  kept  free  and  clear ;  whereas  the  lumbering 
masses  which  support  Putney  Bridge  obstruct  the  navi- 
gation, force  the  current  into  narrow  rapids  which  tend 
in  every  way  to  the  destruction  of  the  works  thegiselves, 
and  make  the  passage  upon  the  river  dangerous.  The 
laden  barge  of  commerce  and  the  double-banked  barge  of 
pleasure  pass  with  or  against  the  stream,  and  aUke  with 
ease  and  safety,  under  the  tasteful  and  scientific  erection. 
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wliich  carries  a  convenient  and  agreeable  road  over,  and 
leavcH  the  water-way  uninterrupted,  while  both  are  ex- 
[M>Hed  to  inconvenience  and  danger  where  the  ugly  piles 
of  Putney  and  Battersea  support  narrow  and  incon- 
venient road-ways  over  the  dammed-up  river.  In  like 
manner,  the  effect  of  Southwark  Bridge,  with  its  two 
well -formed  piers  of  neatly  executed  masonry,  is  hardly 
felt  upon  the  river,  whilst  the  multitude  of  awry-looking, 
angular  piers  of  Vauxhall  Bridge,  standing  aax)S8  a  bend 
of  the  river,  are  with  difficulty  avoided  by  the  heavy 
craft,  which  depend  almost  entirely  upon  the  current 
for  motion. 

These  are  timber  and  iron  bridges  of  various  forms 
and  modes  of  arrangement;  and  with  the  materials  of 
wliich  they  are  composed  no  sensible  inconvenience,  and 
much  less  obstruction,  should  in  any  case  have  been 
imposed  upon  the  navigation  of  the  river.  That  neither 
obstruction  nor  inconvenience  is  necessary  with  even  a 
bridge  of  masonry  is  shown  by  the  New  London  Bridge, 
whicli  contrasts  advantageously,  not  alone  with  its  pre- 
decessor, but  with  all  the  other  stone  bridges  upon  the 
river,  in  these  rcsj)ccts.  The  infrequency  of  the  piers, 
and  their  moderate  bulk,  together  with  the  expanse  and 
elevation  of  the  arches,  preserving  the  head-way  almost 
unahated  over  a  great  part  of  the  whole  width  of  the 
water-way,  show  in  these,  as  in  other  respects,  an  ex- 
ample of  the  hij^hest  dei»;ree  of  j)erfection  in  the  practice 
of  hri(lL:;c-huildini;.  It  is  the  results,  however,  that  are 
here  referred  to  in  contrast,  and  not  the  means  by  which 
they  were  |)rodueed.     The  exj)anse  of  water-way,  and 
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the  excellence  of  the  head-way  undiemeath,  and  the  easy 
inclination  of  the  road-way  upon  the  bridge,  as  well  as 
the  general  magnificence  of  the  work,  are  due  to  circum-* 
stances  that  did  not  exist  in  the  cases  of  the  other 
bridges,  none  of  which  possess  all  those  qualities  and  in 
a  like  degree.  Had  Labelye  and  Mylne  built  with  gra- 
nite, their  works  could  not  have  been  executed  with  the 
funds  at  their  disposal  respectively,  or  at  any  rate  for  the 
sums  expended  upon  them  in  their  erection;  but  with 
granite,  and  the  means  of  applying  it,  they  would  pos- 
sibly, or  they  ought  to,  have  occupied  less  of  the  water- 
way with  obstructions ;  and  with  the  means  at  their 
disposal  of  raising  the  approaches,  they  would  probably 
have  avoided  making  the  road-ways  upon  their  bridges 
so  steep  as  to  be  always  inconvenient  and  sometimes 
dangerous. 

The  level  Une  of  road-way  upon  Waterloo  Bridge,  and 
the  noble  effect  of  the  level  line  and  equal  arches  in  the 
elevation,  were  purchased  at  a  very  high  price  in  the  cost 
of  the  approaches  which  permitted  them  to  be  attained ; 
and  while  Blackfriars  Bridge  furnished  a  standard  or 
gauge  for  head-way  to  vessels  navigating  the  river,  un- 
likely to  be  at  any  time  removed  or  altered,^  it  might 
not  be  thought  worth  the  abandonment  of  those  advan- 
tages and  beauties  to  obtain  greater  height  under  any  of 
the  arches  than  the  greatest  given  by  Blackfriars  Bridge. 
Nevertheless,    that   fewer   piers   and  a  greater   breadth 

'"^  The  removal  of  Old  London  Bridge  was  in  contemplation,  and  was 
treated  as  a  certainty,  when  Waterloo  Bridge  was  designed,  and  South- 
wark  Bridge  did  not  then  exist. 
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between  some  of  them,  with  a  correspondingly  expanded 
head-way,  would  have  been  better  for  the  navigation,  is 
clearly  shown  by  the  greater  facility  with  which  it  is 
carried  on  within  the  700  feet  of  water-way  mid^  Loji- 
don  Bridge,  than  mider  Waterloo  Bridge  with  one  half 
more ;  and  not  only  is  the  navigation  easier,  but  the  run 
of  the  water  is  less  severely  felt  under  the  former  than 
under  the  latter  of  these  two  bridges.  Next  to  the  effect 
of  position  as  to  the  river  itself,  these  results  must  be 
attributed  to  the  less  frequent  recurrence  in  London 
Bridge  of  the  obstruction  that  a  pier  forms  both  to  navi- 
gation and  to  the  stream. 

It  will  be  found,  too,  that  the  abutments  of  London 
Bridge  run  out  into  the  bed  of  the  river  for  a  con- 
siderable distance  from  each  bank,  and  thus  force  the 
body  of  water  into  less  than  would  appear  to  be  its 
natural  channel.  This  might  be  expected  to  act  in  the 
manner  of  a  partial  dam ;  but  it  does  not  so  to  any  in- 
jurious extent,  because  the  water  being  retarded  along 
the  sloping  banks  of  a  river  by  friction  against  and  upon 
the  banks,  its  tendency  is,  in  a  considerable  degree,  to 
run  from  the  banks  to  the  middle  and  vice  versa,  as  the 
tide  may  be  ebbing  or  flowing,  rather  than  in  the  di- 
rection of  the  current  of  the  main  body.  A  stream,  and 
particularly  a  tidal  stream,  may  therefore  be  contracted 
by  its  margins  without  materially  increasing  the  force  of 
its  current,  whilst  an  insulated  pier  placed  witliin  the 
range  of  the  stream,  clear  of  the  margins,  is,  for  so  much 
of  tlie  space  as  it  occupies,  a  dam  to  the  stream,  as  well 
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Upon  this  view  it  may  be  argued  that  it  would  have 
been  better  if  the  abutments  of  Waterloo  Bridge  had 
been  advanced  or  projected  in  upon  the  bed  of  the  river, 
to  the  diminution  in  number  of  the  arches,  and  the  in- 
crease in  span  of  the  reduced  number.  The  channel 
being  thus  narrowed,  the  water  would  act  upon  the 
bottom  with  more  effect  than  it  does  at  present,  and 
probably  clear  the  shoals  which  contract  the  efficient 
water-way  of  the  river  in  the  bend  where  that  bridge 
occurs.  It  is  true  that  wing  walls,  or  even  embankment 
walls,  might  in  such  case  become  necessary  to  direct  the 
current  or  to  prevent  the  silting-up  of  the  recesses  by 
the  abutments ;  but  this  would  be  land  gained  from  the 
shoals,  and  the  river  would  be  in  every  respect  im- 
proved. 

The  advantage  to  be  gained  by  diminishing  the  points 
of  support  in  carrying  a  bridge  over  a  navigable  river  or 
other  water  should  not,  however,  be  purchased  by  the 
total  submersion,  under  any  circumstances,  of  those 
which  may  remain,  and  the  immersion  of  the  springings 
of  the  arches,  if  it  be  but  for  the  sake  of  effect ;  for 
under  no  circumstances  do  the  magnificent  structures 
last  spoken  of  present  so  unpleasing  an  appearance  as  at 
high  tides,  and  especially  at  flood  springs,  when  the  very 
bad  result  alluded  to  occurs.  This,  which  is  merely 
unsightly  in  such  a  river  as  the  Thames,  whose  course 
is  even,  and  whose  affluents  are  mild  and  gentle,  be- 
comes a  positive  defect  of  a  serious  nature  where  a  river 
is  fed  by  torrents,  and  where  floods  may  increase  the 
waters  of  a  river  more   rapidly  than   its   channel  will 
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allow  of  their  discharge.  It  must  be  supposed,  in  any 
case,  that  the  piers  of  a  bridge  have  been  adapted  to  the 
section  of  the  river,  so  as  not  to  impede  the  current  in 
any  greater  degree  than  it  may  be  liable  to  be  impeded 
by  existing  natural  causes.  While  the  water  meets  with 
no  obstruction  greater  than  that  which  the  piers  offer, 
no  appreciable  head  should  be  formed,  nor  should  any 
severe  action  take  place  upon  the  bottom  of  the  river ; 
but  if  the  springings  of  the  arches  be  once  inmiersed, 
the  haunches  and  spandrels  add,  inch  by  inch,  and  foot 
by  foot,  to  the  line  of  obstruction  as  the  water  attains 
a  head,  which  it  does  with  constantly  increasing  effect ; — 
the  bed  of  the  river  is  acted  upon,  and  the  piers  are 
undermined  to  the  utter  destruction  of  the  whole  edifice  ; 
or,  if  the  piers  are  so  founded  and  formed  as  to  with- 
stand this  action,  and  the  bridge  is  not  overturned 
bodily,  it  forms  a  thorough  dam,  and  is  productive  of 
more  mischief  than  would  be  occasioned  by  its  fall, 
by  holding  the  water  up  to  flood  the  surrounding 
country,  and  thus  to  mingle  the  inhabitants  and  their 
habitations  in  one  common  ruin. 

The  gallant  Welshman  who  triumphed  over  the  Taaf 
after  two  defeats,  suffered  the  first  and  most  severe  over- 
throw from  making  his  bridge  in  effect  a  merely  perforated 
dam,  which  the  rubbish  brought  down  by  the  torrent,  on 
being  intercepted  by  the  thick  piers  of  the  narrow  arches, 
closed  altogether,  and  produced  the  overthrow  of  the 
work  ;  whilst  Smeaton's  bridge  over  the  Tyne  at  Hexham 
was  undermined  and  thrown  down  through  the  defect 
before  indicated  occasioning  the  water  to  form  a  head. 
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which  gave  increased  effect  to  the  stream  upon  the  bed 
of  the  river,  when  the  ground  was  swept  from  under  the 
piers,  which  fell,  and  necessarily  took  the  superstructure 
with  them.  What  had  been  twice  before  attempted 
ineffectually,  and  what  Smeaton  failed  in  doing  suc- 
cessfully, has  been  since  done,  and  in  an  effectual  man- 
ner,  by  a  person  of  no  extraordinary  pretensions,  but 
who  avoided  the  defect  that  had  been  overlooked  by  his 
more  eminent,  but,  in  this  case,  less  successful  pre- 
decessor. 

In  the  case  of  tidal  rivers  like  the  Thames  where  the 
rise  and  fall  are  moderate,  and  where  very  Uttle  dif- 
ference  is  at  any  time  occasioned  in  the  height  of  the 
water  by  floods,  but  where  the  high  and  low  lines  of 
water  are  constantly  recurring,  no  apology  can  be  ad- 
mitted  for  the  immersion  of  the  springing  stones  of  the 
arches,  especially  when  the  bridge  occurs  in  the  heart  of 
a  town,  as  in  London,  nor  should  the  bridge  have  a 
stilted  and  consequently  a  mean  appearance  at  the  lowest 
condition  of  the  water. 

Where  the  tide  rises  and  falls  a  great  height,  as  in  the 
Wye  at  Chepstow,  it  seems  almost  impossible  to  form  a 
bridge  upon  arches  that  can  have  a  sightly  and  agreeable 
appearance  at  both  high  and  low  water.  In  such  a  case 
other  expedients  for  carrying  a  bridge  than  arching 
under  the  road-way  may  be  recurred  to  with  advantage, 
and  some  are  capable  of  being  adopted  even  in  such  a 
case  with  good  effect.  Telford's  stone  bridge  over  the 
river  Dee  at  Tongueland,  near  the  town  of  Kirkcudbright, 
where  the  tide  rises  about  20  feet,  springs  from  the  level 
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of  half  tide,  and  the  consequence  is,  that  the  great 
segmental  arch  of  which  it  is  composed  is  always,  in  a 
greater  or  less  degree,  unsightly. 

It  is,  perhaps,  unnecessary  to  provide  in  the  design 
for  the  appearance  of  a  bridge  under  the  extraordinary 
circumstances  of  an  unusual  flood  like  that  which  threw 
down  Smeaton's  bridge  at  Hexham,  when  the  safety  of 
the  bridge  and  the  discharge  of  the  waters  are  provided 
for; — the  design  being  of  proper  character  under  the 
general  and  e very-day  aspect  of  the  work.  Numberless 
examples  may  be  cited,  however,  of  bridges,  across  flooding 
rivers,  with  arches  springing  from  the  level  of  lowest 
summer  water,  and  whose  springings,  consequently,  are 
almost  always  immersed,  whilst  occasional  floods  may  be 
said  absolutely  to  drown  them.  Gwynn's  bridge  over  the 
Severn  at  Shrewsbury  is  one  of  this  kind,  and  most  of 
Telford's  early  stone  bridges  over  the  same  river  are 
open  to  objection  on  the  same  account,  though  in  his 
later  works  Telford  has  endeavoured  to  avoid  it  in  ap- 
pearance, if  not  in  reality,  by  adopting  the  French  mode 
of  masking  an  elliptical  arch,  sprung  low  down,  by  a  flat 
segment  of  a  circle,  having  the  radius  of  the  flattest  part 
of  the  ellipse,  sprung  from,  or  rather  abutting  upon,  a 
point  high  up  on  the  piers. 

Perronet's  flat  arches  without  the  inner  ellipse,  as  in 
the  bridge  of  St.  Maixence,  and  in  his  bridge  over  the 
Seine  at  Paris,  hardly  possess  that  degree  of  elegance 
which  must  be  considered  essential  in  works  of  pretence, 
such  as  those  in  which  the  distinguished  engineer- 
architect  referred  to,  employed  them,  though  he  himself 
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intimates  that  his  intention  was  to  produce  variety  of 
design,  and  to  avoid  the  constant  repetition  of  the 
same  forms  and  arrangements.  Want  of.sufficient  power 
of  resistance  in  the  abutments  has  occasioned  partial 
failure  in  most,  and  total  failure  in  some,  of  the  bridges 
that  have  been  attempted  in  masonry  with  the  very  flat 
segmental  arch  alluded  to;  and  many  such  have  been 
erected  in  France  upon  some  of  its  torrent-Uke  rivers, 
and  their  torrent  tributaries.  As  far  as  stability  is  con- 
cerned, Perronet  was  more  successful  than  his  contem- 
poraries were  with  this  class  of  bridge  construction ;  but, 
for  beauty  of  design,  his  bridges  on  the  Oise  at  Pont  St. 
Maixence,  and  on  the  Loing  at  Nemours,  are  but  little  to 
be  preferred  to  the  bridge  over  the  Oignon  at  Pesmes, 
which  is  stated  to  have  been  the  first  built  in  France, 
(whose  arches  being  segments  of  a  circle  have  their 
springings  at  the  highest  or  flood -water  level,)  or  to 
the  bridges  Fouchards  on  the  Thouet  near  Saumur, 
d'  Homps  upon  the  Aude  in  Languedoc,  or  the  bridge 
of  St.  Diez  upon  the  Meurthe  above  Lunfiville.  The  rise 
of  the  arches  in  the  instances  cited  does  not  exceed  one- 
tenth  the  span  in  any  case ;  in  some  of  these  examples 
it  is  but  one-twelfth,  and  in  Perronet 's  bridge  at  Ne- 
mours the  rise  of  the  arches  is  but  little  more  than  one- 
fifteenth  their  span.  All  have,  in  a  greater  or  less  degree, 
an  awkward  and  stilted,  if  not  a  mean,  appearance,  which 
indeed  is  hardly  avoided  by  the  addition  of  lumbering 
architectural  and  sculptural  accessories  iu  Perronet's  Pont 
de  la  Concorde,  or  bridge  of  Louis  the  Sixteenth,  over 
the  Seine  at  Paris,  of  which  the  rise  of  the  flat  segmental 
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arches  ranges  from  one-twelfth  in  the  smallest  arched  to 

less  than  one-tenth  the  span  in  the  central  and  largest  arch. 

But  the  defect  here  alluded  to  cannot  have  appeared 

to  be  such  to  the  eminent  author  of  the  Pont  de  Neuilly, 

*  f 
or  he  would  not  have  masked  the  more  elegant  elliptical 

inner  arch,  which  he  employed  in  that  work,  by  a  flat 

segment  abutting  upon   the   piers,  which,  under  their 

springings,  look  weak,  but  which,  slight  as  they  are  if 

tested  by  the  ordinary  practice  of  his  time,  have  mass 

enough  w^here  they  receive  the  elliptical  portions  of  the 

arches. 

It  may  be  remarked  here,  in  passing,  that  the  work 
last  mentioned  affords  a  very  uncommon  instance  of  too 
much  space  being  given  by  the  bridge  to  the  water-course, 
through  the  removal,  in  a  somewhat  injudicious  man- 
ner, of  the  island  that  formerly  divided  the  bed  of  the 
river  into  two  channels  at  its  site,  by  w^liich  the  river  is 
rendered  more  sluggish  than  its  wont ;  and,  in  conse- 
quence of  this  and  of  the  altered  direction  of  the  currents 
from  and  into  the  divided  channels  above  and  below,  new 
and  inconvenient  alluvial  deposits  have  taken  place. 

More  recent  practice  has  sho\Mi,  however,  that  the 
use  of  a  flat  segmental  arch  is  not  inconsistent  with  a 
much  nearer  approach  to  excellence  than  Perronet  and 
his  contemporaries  attained,  though,  indeed,  the  instances 
to  be  cited  do  not  show  so  reduced  a  proportion  of  the 
rise  to  the  span,  or,  in  other  words,  arches  so  very  flat  as 
those  above  referred  to.  In  the  bridge  over  the  Seine, 
opposite  to  the  MiHtary  School, — L'Ecole  Militaire, — 
(known  as  the  Pont  du  Champ  de  Mars,  and  formerly  as 
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trasl  to  tte  Popt  de  la  Concorde.  There  is  but  little 
'material  difference  in  their  extent  and  in  the  span  and 
rise  of  th^  arches,  or  in  the  proportion  of  the  piers 
to  the  openings,  of  these  two  bridges ;  and  although 
the  one  i^  of  five  unequal,  and  the  other  of  the  same 
number  of  equal  arches^  it  is  not  in  this  circumstance, 
nor  in  the  consequent  level  line  which  its  horizontal 
surface  presents,  that  the  great  superiority  in  appearance 
of  the  former  bridge  consists,  but  in  the  absence  of  all 
attempt  at  adventitious  aids  to  produce  the  pleasing 
effect  which  the  simple  and  unaffected  arrangement  of 
its  parts  produces;  —  in  the  absence,  indeed,  of  the 
pseudo-architectural  accessories  of  columns  and  balus- 
trades which  deform  Perronet's  design. 

A  similar,  and  in  some  respects  superior,  example  of  a 
bridge  with  flat  arches  of  the  proportion  of  those  of  the 
two  Parisian  examples  alluded  to,  and  of  about  the  date 
of  the  bridge  of  the  Champ  de  Mars,  is  the  bridge  over 
the  Thames  at  Staines,  a  work  of  the  late  Mr.  Rennie. 
This  is  of  three  unequal  arches,  and  being,  like  the 
bridge  of  the  Champ  de  Mars,  almost  entirely  free  from 
architectural  affectations,  the  composition  produces  a 
striking  architectural  effect.  Staines  Bridge  may  be 
considered  superior  to  the  Parisian  Bridge  in  the  land 
arches  springing  from  their  own  piers  clear  of  the  pro- 
jecting faces  of  the  abutments,  whereas,  in  the  latter, 
the  springings  of  the  land  arches  are  buried  in  the  abut- 
ments ; — in  the  more  appropriate  as  well  as  titter  form  of 
the  piers  or  cut-waters,  and  generally  in  the  projection 
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the  Champ  de  Mars  appears  to  be  sqttoezed  down  be- 
tween the  retaining  walls  of  the  quays.  The  cornice 
and  blocked  parapets  of  both  are  of  fine  character,  and 
both  examples  show  clearly  that — although  the  very 
flat  arch  aflfected  by  the  French  school  of  bridge  archi- 
tects of  the  latter  half  of  the  last  century  may,  in  some 
of  the  works  above  referred  to,  be  too  flat  to  produce  an 
agreeable  effect  in  composition, — a  near  approach  to  the 
same  degree  of  flatness  is  not  inconsistent  with  both 
dignity  and  elegance,  whilst  the  advantage  of  the  flat 
arch  in  many  respects  cannot  be  questioned. 

When  circumstances  will  admit  of  a  very  flat  arch 
from  bank  to  bank  of  a  torrent,  there  need  be  no  limit  to 
its  extent  within  the  power  of  resistance  of  the  stone  em- 
ployed to  the  pressure,  and  of  the  natural  abutments  to 
the  thrust.  In  mountain-passes  it  will  frequently  happen 
that  such  arches  may  be  applied  with  advantage ;  but 
often,  in  such  cases,  permanently  constructed  bridges  are 
avoided  by  the  authorities  of  the  State  in  possession, 
because  of  the  difficulty  of  destroying  them  quickly,  so  as 
to  render  the  road  upon  which  they  may  be  placed,  im- 
practicable to  an  enemy  in  case  of  necessity.  Instances 
of  this  kind  occur  in  the  route  of  the  Simplon  over  the 
Alps  ;  massive  piers  having  been  built  from  the  bottom 
of  deep  ravines  to  carry  wooden  platforms  where  stone 
arches  might  have  been  thrown  across  at  less  expense, 
free  from  all  liability  to  injury  from  the  torrent,  to  which 
the  piers  are  constantly  exposed,  and  from  which  they 
constantly  suffer. 

Deep  cuttings  in  stone  or  in  chalk,  for  roads,  railways. 
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mental  arch  with  appropriateness  and  economy,  though 
their  appUcation  in  such  cases  would  be  for  a  different 
purpose  from  that  hitherto  contemplated,  this  being  to 
obtain  or  retain  head-way  in  comparatively  shallow  cut- 
tings, and  to  avoid  expense  in  carrying  up  lofty  abut- 
ment and  bearing  walls  in  deep  cuttings,  whereas  way 
for  flood-waters  has  been  the  object  sought  to  be  attained 
in  most  of  the  cases  in  which  the  very  flat  segmental 
arch  has  been  used  upon  rivers  and  upon  their  tributary 
torrents. 

Perronet  designed  a  bridge  of  one  flat  arch,  of  150 
French,  or  160  English  feet  in  span,  (see  Plate  89,)  to  be 
erected  in  dupUcate  over  the  Seine  at  Melun,  where  the 
river  is  divided  by  an  island  into  two  nearly  equal  arms, 
requiring  two  bridges  of  about  the  same  size.  The  old 
bridges,  which  these  were  intended  to  replace,  were  of 
eight  arches  each,  and  the  single  span  proposed  embraced 
about  the  same  space  that  the  whole  number  of  openings 
collected,  of  the  old  bridge,  gave  to  the  waters.  Here  the 
abutments  were  to  be  provided  by  art,  and  necessarily  of 
great  extent  and  solidity,  because  of  the  flatness  of  the 
arch  to  be  erected.  Notwithstanding  this  necessity,  the 
architect  was  not  contented  to  allow  the  arch  to  appear 
to  be  of  even  the  sUght  degree  of  convexity  that  a  radius 
of  200  would  give  to  an  arc  upon  a  chord  of  1 50,  but  he 
designed  the  archivolt  line  of  headers  to  be  a  segment  of 
a  circle  whose  radius  should  be  300,  the  chord  of  the  arc 
of  this  upper  and  outer  arch  being  162  French,  or  nearly 
173  English  feet,  whilst  the  versed  sine  of  the  former 
was  one-tenth  the  span  of  the  bridge  or  chord  of  the  arc, 
and  that  of  the  latter  but  one-fifteenth  part  of  its  chord. 
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The  lowness  of  tiie  banks  of  the  river,  and  the  con- 
sequent want  of  height  for  the  proposed  archway  above 
the  ordinary  water-line  somewhat  proportionable  to  the 
span  or  breadth  of  the  opening,  and  the  ungainly  apj>ear- 
ance  of  the  two  heterogeneous  cun-es  of  the  arch,  must 
have  prevented  these  bridges,  if  they  had  been  built, 
from  being  more  than  merely  striking  from  their  sin- 
gularity in  extent  and  proportion,  though  indeed  the 
abutments  are  well  composed,  and,  moreover,  the  useful 
purposes  of  a  bridge  would  have  been  perfectly  attained 
in  each  case.  The  almost  necessary  contraction  of  the 
water-way  is  made  in  the  least  injurious  manner,— piers  in 
the  water-way  being  altogether  avoided, — and  the  height 
of  the  single  opening  is  sufficient  to  allow  of  the  free 
navigation  of  the  river  when  its  navigation  is  otherwise 
practicable,  and  of  the  passage  of  ordinary  flood-water ; 
whilst  the  escape  of  the  water  at  extraordinary  floods  is 
provided  for  by  land-arches  calculated  to  give  space 
equal  to  what  might  be  abstracted  by  the  immersion  of 
the  springings  and  spandrels  of  the  great  arch,  by  which 
means  not  only  would  the  safety  of  the  structure  have 
been  secured,  but  any  extraordinary  action  upon  the  bed 
of  the  river  by  restraint  of  the  water  would  have  been 
avoided ;  the  ordinary  effect  of  the  slightly  narrowed 
course  of  the  water  being  rather  beneficial  than  otherwise 
to  the  stream,  for  the  purposes  of  navigation.  The 
road-way  provided  was  ample  and  of  easy  acclivity,  so 
that  the  sister  bridges  of  Melun  would  have  been,  in  all 
essentials,  as  perfect  as  the  circumstances  of  their  locahty 
would  permit. 
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GLOUCESTER    OVER-BRIDGE. 
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Mr.  Telford  has  availed  himself  of  Perronet's  design  for 
the  bridges  at  Melun  as  a  study  for  his  bridge  over  the 
main  arm  of  the  Severn  at  Gloucester,  though  he  seems 
to  have  had  the  impression  upon  his  mind  that  he  was 
merely  adopting  the  peculiarity,  which  appears  to  have 
originated  with  Perronet,  of  making  the  general  body  of 
the  arch  an  ellipse,  and  the  archivolts,  or  external  arch- 
stones  of  the  faces,  a  segment  of  a  circle,  having  the 
same  chord  as,  but  with  Httle  more  than  one-third  the 
rise  of,  the  semi-ellipsis,  whilst  the  same  horizontal  line 
is  tangent  to  both  parts  of  the  arch  where  they  are  co- 
incident, which  is  throughout  the  flattest  part  of  the 
approximate  ellipse. 

The  arches  of  the  bridge  at  Neuilly,  in  which  Perronet 
first  exhibited  this  peculiarity,  are  but  a  fraction  less  than 
128  EngUsh  feet  in  span  ;  and  the  radius  of  the  circle, 
of  which  the  coincident  portions  of  the  outer  segmental 
arch  are  parts,  is  only  150  feet  French,  or  !f!0  English 
feet ;  whilst  Telford  has  applied,  in  the  Gloucester 
Over-bridge,  with  a  span  of  1 50  feet,  an  ellipse  whose 
flattest  part,  coincident  willi  the  outer  segmental  archi- 
volts, is  an  arc  of  a  circle  whose  radius  is  220  feet,  or 
very  nearly  identical  with  an  average  of  the  two  parts  of 
the  arch  of  the  bridge  designed  by  Perronet  for  Melun, 
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when  proportioned  to  Telford's  diminished  span.  More- 
over, at  Neuilly  the  springings  of  the  elliptical  part  of 
the  arch  are  but  a  trifling  degree  removed  within  the 
outer  face  or  elevation  of  the  bridge,  giving  it,  in 
effect,  the  whole  value  of  the  eUiptical  form  throughout 
its  breadth  ;  whereas  at  Gloucester  the  ellipse  springs 
from  a  transverse  base  not  exceeding  one-half  the  whole 
width  of  the  bridge ;  so  that,  in  a  general  view  from  a 
moderately  elevated  position,  the  eUiptical  portion  of  the 
arch  will  scarcely  be  seen,  and  certainly  not  in  a  greater 
degree  than  the  lower  and  more  nearly  coincident  inner 
curve  of  the  arch  of  the  proposed  bridge  for  Melun.  In 
this  particular,  Telford's  work  possesses  a  decided  ad- 
vantage over  that  from  which  the  peculiar  forms  of  the 
arch  were  derived,  whilst  it  has  the  advantage  over  that 
which  appears  to  be  more  nearly  its  prototype,  in  the 
greater  height  of  the  soffit  of  the  bridge  at  ordinary  low 
water  in  proportion  to  the  span,  and  also  in  the  more 
elegant  form  of  the  inner  arch  when  it  comes  into  view ; 
though  Gloucester  Over-bridge  is  deficient  when  com- 
pared with  Perronet's  design  for  the  Melun  bridges  in  the 
means  of  escape  for  the  high  flood- waters,  as  well  as  in 
the  architectonic  character  of  the  faces  of  the  abutments. 
Both  Perronet  and  Telford  appear  to  have  attached 
importance  and  value  to  the  result  of  the  complex  form 
of  the  Neuilly  arch  that  can  hardly  be  conceded  to  it. 
Perronet  says,  ''  This  arrangement  [des  esp^ces  de  comes 
de  vache  en  voussures]  facilitates  the  introduction  of  the 
water,  and  gives  much  more  lightness  and  boldness  of 
effect  to  the  bridge  ;"^  and  Telford  remarks,  in  speaking 
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of  his  design  for  the  Gloucester  Over-bridge,  **  This  com- 
plex form  converts  each  side  of  the  vault  of  the  arch  into 
the  shape  of  the  entrance  of  a  pipe,  to  suit  the  contracted 
passage  of  the  fluid,  thus  lessening  the  flat  surface 
opposed  to  the  current  of  the  river  whenever  the  tide 
rises  above  the  springing  or  middle  of  the  ellipse."^  It 
is  not  so  clear,  however,  that  any  advantage  would  be 
obtained  from  the  "  complex  form,"  notwithstanding  the 
concurring  opinions  of  these  two  eminent  men ;  but  it 
is  quite  certain  that  no  greater  surface,  whether  flat  or 
otherwise,  should  be  opposed  to  the  current  of  a  river  when 
the  waters  rise  above  the  springings  of  any  of  the  arches, 
than  when  it  is,  as  it  ought  always  to  be,  below  that  line ; 
that  is  to  say,  the  springings  of  the  arches  should  always 
be  placed  above  such  level :  for,  without  entering  into 
a  discussion  of  the  combined  hydraulic  and  hydrostatic 
problem  involved  in  the  question,  it  may  be  confidently 
asserted  that  no  drop  of  water  the  more  will  escape 
through  the  opening  of  any  particulEir  archway  because 
it  is  wider  at  the  ends  than  in  the  middle,  and  that  a  bridge 
will  be  not  the  less  liable  to  be  undermined  or  overthrown 
by  a  certain  body  of  water  in  motion  upon  it,  because  it 
presents  a  larger  concave  than  a  smaller  flat  surface, 
though  indeed  it  may  be  more  Uable  to  have  the  crown 
of  its  arch  or  arches  blown  up  thereby,  because  of  the 
larger  surface  of  the  sofiit  exposed  to  the  pressure  of  the 
head  of  water  in  extreme  cases. 

The  elliptical  arch  of  the  general  body  of  Gloucester 
Over-bridge  is  sprung  from  a  level  between  four  and 
five  feet  below  that  to  which  ordinary  spring-tides  rise, 

7  Life  of  Telford,  p.  2G1,  4to.  London.  !«' 


fOO 


PRELIMINARY  ESSAY. 

whilst  upland  flood-waters  not  unfrequently  immerse 
the  hauDches  of  the  elUpse  to  within  a  few  feet  of  the 
springing  of  the  outer  segmental  arcli  of  the  faces,  and 
thus  contract  the  water-way  to  such  an  extent,  that  re- 
lieving side-arches  should  certainly  have  been  included 
in  the  design,  of  capacity  equal,  at  the  least,  to  the  space 
liable  to  be  abstracted  frtwn  the  great  archway. 


AiK.iljt'i  jvccnt  adaptation,  not  to  say  appropriation, 
of  Perronet's  Melun  Bridge,  is  to  be  found  within  the 
suburbs  of  Turin,  over  the  river  Dora  Riparia,  a  con- 
fluent of  the  Po,  in  the  line  of  the  main  road  from 
France,  by  way  of  Piedmont  into  Italy,  This  bridge  is 
of  one  arch,  a  segment  of  a  circle,  whose  chord  is  nearly 
148  English  feet,  and  the  versed  sine  a  fraction  above 
18  feet,  making  the  radius  of  the  circle  about  160  feet. 
The  outer  and  upper  arch  of  the  faces  of  this  bridge  is  in 
the  same  proportion  flatter  than  the  inner  and  lower,  of 
which  the  chord  is  given,  as  in  Perronet's  design ;  but 
there  is  no  provision  for  relief  by  side-arches  in  the 
event  of  high  floods,  to  which,  however,  the  Dora  is 
very  subject ;  and  the  abutments  are  thrown  forward  in 
quadrants  up  to  the  springings  of  the  arch,  in  such 
manner  as  to  distinguish  the  work  most  effectually  from 
Perronet's  admirable  composition  of  that  feature  of  his 
design.    Nevertheless,  this  Italian  Bridge  appears  to  be 
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of  the  flattest  arch  yet  constructed  of  masonry  upon  so 
great  a  span. 

It  is  impossible  to  contemplate  Grosvenor  Bridge  over 
the  Dee  at  Chester  without  regretting  that  the  great  span 
of  its  single  arch  (200  feet)  had  not  been  either  so  much 
flatter  as  to  raise  the  springings  out  of  the  reach  of  flood- 
waters, — as  the  situation  of  the  bridge  does  not  render 
the  height  of  the  road-way  objectionable, — or  in  the  more 
pleasing  form  of  an  ellipse,  rising  from  its  present  spring- 
ing level :  or  indeed  it  might  with  greater  advantage  have 
taken  the  peculiar  form  of  that  singularly  graceful  variety 
of  the  ellipse  which  is  found  in  the  arches  of  the  bridge 
of  the  Most  Holy  Trinity  (Ponte  della  Santissima  Trinitk) 
over  the  Arno  at  Florence.  The  rise  from  the  springing 
level  to  that  of  the  crown  in  this  example  is  but  little 
more  than  one-sixth  the  span,  whilst  the  rise  of  Grosvenor 
Bridge  arch  is  but  in  the  same  proportion  less  than  one- 
fifth  its  span ;  so  that  the  form  of  the  arch  of  the 
Florentine  Bridge  might  have  been  obtained  in  that  at 
Chester,  with  a  much  higher  line  of  springing. 

The  forms  and  proportions  of  the  work  last  cited  have 
been  less  studied  than  their  intrinsic  merits  deserve. 
Upon  a  river  which  does  not  admit  of  navigation,  but 
which  is  hable  to  be  swollen  by  floods  of  upland- waters,  the 
head-way  is  sufficiently  good,  for  indeed  the  springings 
of  the  arches  are  out  of  the  reach  of  the  highest  floods  to 
which  the  Arno  is  subjected, — whilst  the  road- way  over  is 
of  gentle  acclivity,  though  leading  from  but  moderately 
raised  approaches.  The  piers,  however,  are  unusually 
and  unnecessarily  massive ;  but  the  general  composition 
of  the  work  deserves  the  character  Perronet  claimed  for 
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his  own  bridge  at  Neuilly,*  of  light- 
ness and  boldness,  notwithstanding 
the  massiveness  of  tlie  piers ;  and  it 
is  not  alone  in  the  fonn  and  rise  of 
the  arch  that  Ammanati's  bridge 
over  the  Aroo  excels  Harrison's  gi- 
gantic stride  at  Chester;  the  free- 
dom, boldness,  and  even  dignity  of 
character  in  the  superficial  arrange- 
meots  of  the  Florentine  g^ve  the 
other  bridge,  as  well  indeed  as  most 
other  bridges  making  pretensions  to 
architectural  adornment, — in  a  com- 
parison of  architectural  merits, — an 
undignified,  if  not  absolutely  a  mean, 
appearance. 

Nevertheless,  the  spanning  of  a 
water-way  from  bank  to  bank,  with 
a  sufficient  and  convenient  road  over, 
without  placing  obstructions  within 
the  chsmnel,  is  so  important  when 
effected,  and  therefore  so  desirable 
to  effect,  that  many,  if  not  most, 
other  considerations  fall  into  the 
shade  in  contemplating  works  that 
do  secure  the  passage  of  a  river 

*  It  is,  perhaps,  hardly  fair  to  say  that 
Pcrronet  claimed  this  character  for  his  work  ; 
the  expression  is  simply  to  the  effect  that  the 
combination  between  the  two  forms  of  the 

inner  and  outer  arches  by  the  means  referred  to  at  p,  40,  ante,  "  donne 

bcaucoup  plus  de  l^^ret6  et  de  hardiesse  au  pont." 
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without  placing  impediments  in  the 
way  of  its  navigation  where  the 
river  is  navigable,  and  of  the  free 
course  of  its  waters  where  an  ac- 
cumulation of  water  against  the 
upper  face  of  a  bridge  may  be  dan- 
gerous to  the  bridge  itself,  or  to 
the  neighbouring  country.  But 
ugliness  is  not  an  essential  to  uti- 
lity, and  it  must  not  be  concluded 
that  every  thing  else  is  to  be  ex- 
cused if  the  main  object  he  at- 
tained ;  yet  in  too  many  existing 
examples,  —  and  some  of  those 
above  referred  to  are  here  intend- 
ed,— the  worst  qualities  of  compo- 
sition are  forced  upon  a  work  by 
want  of  taste  and  of  artistic  skill 
in  the  designer. 

The  usual  materia  architectonicee 
are  entirely  out  of  place,  and  out 
of  character,  in  bridge  composi- 
tions. Columns  and  approxima- 
tions to  columnar  forms  and  pro- 
portions, pilasters,  entablatures, 
niches,  battlements,  balustrades, 
towers  and  turrets,  pinnacles  and 
pediments,  are  gauds  and  devices, 
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to  produoe  any  thing  but  meanne^  or  abeordity,  or 
a  oomlHoation  of  both.  Telford's  most  pretending  works 
are  spoilt  by  an  affectation  of  architectural  dispositicm 
and  adornments,  whilst  Rennie's  coupled  colunms  to 
Waterloo  Bridge  are  only  not  quite  so  absurd  as  Mylne's 
to  Blackfriars',  or  Perronet's  columns  of  Paestan  pro- 
portions, (according  to  the  notion  of  thdr  author,)  in 
the  Pont  de  la  Concorde  at  Paris.  A  fitting  and  grace- 
ful combination  of  the  leading  lines  of  such  a  work  as 
a  bridge  upon  a  moderately  large  scale,  and  of  which 
the  characteristics  should  be  boldness  and  simplicity, 
can  hardly  fail  to  produce  a  grand  and  striking  effect, 
if  the  end  the  work  is  proposed  to  answer  has  been 
in  the  first  place  fully  and  effectually  provided  for; 
for, — it  cannot  be  too  often  repeated, — the  unrestrained 
passage  of  the  waters,  the  convenience  of  the  navigation, 
and  the  requirements  of  the  road,  together  with  the 
permanent  security  of  the  structure  itself,  are  essentials 
to  excellence  in  the  composition  of  a  bridge,  whose 
omission  or  imperfect  production  will  never  be  excused 
by  the  presence  of  any  merely  adventitious  merits. 

The  tendency  of  the  foregoing  observations  being  to 
urge  the  advantage  of  effecting  as  much  as  possible  in 
bridge  constructions  in  one  reach,  or  by  spanning  a 
water-way  from  abutment  to  abutment,  or  from  bank  to 
bank,  without  inter\^ening  piers,  it  must  not  be  con- 
cluded, therefore,  that  materials  which  admit  of  longer 
reaches  than  can  be  effected  under  ordinary  circumstances 
with  masonry  are  to  be  preferred  to  stone.  No  approach 
has  yet  been  made  in  any  bridge  hitherto  constructed 
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it  may  be  almost  said  recently  discovered,  material  may 
be  prudently  trusted.  Three  quarters  of  a  century  ago 
Mylne's  proposal  to  build  an  elliptical  arch  of  100  feet 
span,  with  the  strong  free-stone  from  the  Portland 
quarries,  excited  amazement,  and  the  determination  to 
execute  it  produced  alarm,  though  the  proposed  arch 
so  nearly  approached  a  semicircle  that  the  rise  is  more 
than  two-fifths  of  the  span;  but  within  the  current 
decennary  two  elliptical  arches  have  been  built  of  brick 
over  the  same  river  upon  which  Mylne's  temerity  was 
proposed  to  be  displayed  ^dth  Portland  stone,  the  brick 
arches  being  of  128  feet  span,  with  a  rise  of  24  feet 
3  inches,  or  somewhat  less  than  one-fifth  their  span.  It 
is  true,  indeed,  that  the  proposal  to  build  such  arches  as 
these  last,  of  such  proportions,  and  with  such  a  material, 
induced  many  prophetic  warnings  of  a  disastrous  result ; 
but  the  heavy  trains,  and  the  heavier  engines  of  the  Great 
Western  Railway,  run  without  hesitation,  and — it  may 
perhaps,  after  two  years'  experience  without  injury  or 
accident,  be  deemed  to  be — ^without  danger,  over  the 
Maidenhead  Railway  Bridge,  though  its  arches  possess 
no  greater  power  of  resistance  to  their  own  thrust,  and 
to  the  weight  and  vibrations  induced  by  the  loads  passing 
over  them,  than  the  mortar  composed  of  Roman  cement 
and  sand  in  which  the  bricks  are  set  possesses ;  and  that 
species  of  mortar  never  acquires  the  same  power  of  resisting 
pressure  that  good  stock  bricks  possess.  If,  then,  arches 
may  be  built  of  the  proportion  last  specified,  with  ma- 
terials so  comparatively  weak,  or  liable  to  be  crushed 
by  pressure   or   fractured  by  vibration,  as  bricks   and 
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granite,  the  average  specimens  of  which  possess  a  power 
of  resistance  to  pressure  four  or  five  times  greater  than 
that  possessed  by  the  best  stock  bricks,  and  seven  or 
eight  times  greater  than  the  best  indurated  cement  pos- 
sesses ? 

The  bridge  that  formerly  stood  over  the  Adda  at 
Trezzo,  in  the  Milanese,  (see  Frontispiece  to  vol.  i.,) 
is  an  instance  of  what  may  be  done  with  granite  beyond 
what  has  been  elsewhere  attempted ;  for,  indeed,  the 
power  which  the  use  of  this  material  gives  to  the  bridge- 
builder  seems  rather  to  have  been  forgotten  than  not  to 
have  been  discovered.  The  bridge  referred  to  exhibited 
an  arch  of  251  feet  in  span,  its  form  being  a  segment  of 
a  circle,  whose  radius  is  nearly  134  feet ;  the  rise  of  the 
arch  from  the  hne  of  springing,  or  the  versed  sine  of  the 
segment,  having  exceeded  but  in  a  trifling  degree  one- 
third  the  chord,  whilst  the  depth  of  the  arch-stones  was 
barely  one-sixtieth  of  the  same  dimension.  Let  it  be 
remembered  that  the  depth  of  arch-stones,  (or  length 
measured  upon  the  hne  of  the  radius  of  the  arc,)  in  large 
bridge-arches  has  been  rarely  allowed  to  exceed  one- 
thirtieth  the  span,  and  more  frequently  to  range  between 
a  fifteenth,  as  in  Perronet's  bridge  at  Orleans,  and  La- 
belye's  at  Westminster,  and  a  twentieth  or  twenty-fourth, 
as  at  Neuilly  and  Blackfriars ;  though,  indeed,  instances 
are  found  in  which  the  proportion  is  as  low  as  one-tenth,  as 
at  Nemours,  and  as  high  as  a  thirty-fourth,  as  at  Tongue- 
land.  An  example  exists  in  North  Wales  in  a  work  by 
the  eminent  architect  Inigo  Jones,  of  an  Eirch  of  which 
the  proportion  in  length  of  the  arch-stones  to  the  span 
of  the  arch  is  but  a  fraction  above  a  fortieth ;  and  in 
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the  better  known  and  more  striking  example  afforded  by 
William  Edwards's  bridge  (Pont-y-pryd)  over  the  Taaf, 
in  South  Wales,  the  similar  proportion  of  the  depth,  or 
length,  of  the  key-stone  to  the  span  of  the  arch  is  only  one- 
forty-seventh.  A  collation  of  these  examples  with  that 
of  the  bridge  at  Trezzo  will  show  that  there  is  reason 
drawn  from  actual  experience  for  the  suggestion  that 
bridges  may  be  built  of  granite  and  other  hard  stone 
in  single  arches,  or  in  series  of  arches,  of  greater  span 
and  with  less  rise  in  proportion  to  the  span  than  has 
been  hitherto  practised  or  even  attempted. 

It  is  not  to  be  overlooked,  however,  that  economical 
considerations  may  stand  seriously  in  the  way  of  such  a 
recommendation  as  that  here  developed  ;  but  it  is  also 
deserving  of  consideration  whether  bridges  of  masonry 
are  not  built  far  more  expensively  than  they  need  be. 
A  large  proportion  of  the  cost  of  masonry,  and  of 
granite  masonry  especially,  is  in  labour,  and  no  unim- 
portant part  of  the  whole  of  the  labour  expended  is 
generally  devoted  to  the  high  finish  of  exterior  sur- 
faces, and  in  producing  sunk  or  rounded,  or  otherwise 
moulded,  forms ;  the  efifect  of  all  which  is  for  the  most 
part  injurious  rather  than  beneficial  to  the  appearance  of 
such  works ;  fine  finish  upon  them  resulting  in  tameness, 
and  varied  forms  in  deformity.  In  towns,  as  in  London, 
and  upon  rivers  which,  like  the  Thames,  are  high- 
ways, and  exhibit  the  face  elevations  of  bridges  to  com- 
paratively near  inspection,  highly  finished  surfaces  and 
moulded  forms  may  be  considered  desirable,  if  they  are 
desirable  under  any  circumstances ;  but  it  may  be  fairly 
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questioned  whether  both  Waterloo  and  London  Bridges 
would  not  have  been  finer  objects  had  the  masonry  of 
their  external  faces  been  merely  rough-axed,  or  even  left 
scabbled,  instead  of  being  fair  hammer-dressed  ;  and  cer- 
tainly many  thousands  of  pounds  might  have  been  saved 
in  the  execution  of  the  former  work,  and  a  much  better 
result  produced,  by  the  omission  of  the  coupled  columns 
and  their  immediate  accessories,  and  by  the  use  of  a  plain 
parapet  of  a  more  reasonable  height,  in  the  stead  of  the 
high,  the  enormously  expensive,  and  absurdly  ugly  balus- 
traded  enclosures  which  now  aid  the  columns  and  their 
projected  entablatures  to  deform  that  splendid  structure. 
A  great  deal  of  labour  is  often  applied,  and  conse- 
quently expense  incurred,  in  producing  upon  masonry 
faces  a  regularly  rough,  or  what  is  called  rock  or  rustic, 
surface,  to  yield  a  combination  of  boldness  and  richness ; 
and  in  finished  and  enriched  architectural  works,  which 
the  eye  may  scan  closely,  and  where  a  certain  degree  of 
harmony  should  be  preserved  between  the  roughly  ap- 
pearing and  the  finely  wrought  and  carved  parts,  regu- 
larity in  the  roughness  may  be  worth  attending  to  and 
obtaining  at  some  cost ;  but  in  the  faces  of  a  bridge  the 
rough  or  rock  surface  is  most  appropriate,  the  ordinary 
magnitude  of  the  parts  countenancing,  if  not  absolutely 
requiring,  the  boldness,  and,  indeed,  richness  of  surface 
which  roughness  i  ives  to  massive  masonry ;  whilst  the 
removal  of  the  faces  from  the  eye,  through  the  necessity 
of  viewing  a  bridge  as  an  object  at  a  sufficient  distance  to 
annihilate  the  effect  upon  the  eye  of  regularity  or  ir- 
regularity in  the  roughness,  renders  it  quite  unnecessary 
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But  the  scabbled  face  with  which  blocks  of  granite  are 
sent  out  of  the  quarry, — the  labour  in  producing  which, 
being  necessary  to  give  the  required  general  forms  and 
proportions  to  the  blocks,  is  necessarily  included  in  the 
price  of  the  stone, — is  alone  sufficient  dressing  for  all 
useful  purposes,  as  far  as  the  exterior  faces  of  bridge  con- 
structions are  concerned ;  so  that  the  labour  of  dressing 
may  be  confined  to  the  beds  and  joints  of  the  stones. 
When  it  is  remembered  that  in  granite  masonry  the 
labour  to  the  fair  hammer-dressing  generally  given  to 
exterior  surfaces  costs,  according  to  the  degree  of  fine- 
ness, from  twice  to  three  times  as  much  as  that  to  the 
beds  and  joints,  it  will  be  understood  to  what  an  extent 
bridge  constructions  in  granite  may  be  economized.  The 
same  is  true  of  other  stone,  though  not  to  the  same  ex- 
tent, unless  the  stone  be  as  hard  as  granite ;  but  the 
labour  upon  beds  and  joints  is  always  estimated  at  less 
than  plain  work  upon  fair  faces,  let  the  stone  be  what 
it  may :  and  again,  the  avoidance  of  hollowed  and  rounded 
or  otherwise  moulded  surfaces,  as  in  columns  and  balus- 
ters, will  tend  still  further  to  lessen  the  cost,  as  compared 
with  the  ordinary  expenditure  upon  such  matters. 

It;  may  be  further  urged,  in  an  economical  point  of 
view,  in  favour  of  single  arches  of  masonry  whenever 
they  are  attainable,  in  preference  to  a  series  of  smaller 
arches  involving  piers  in  a  water-way,  and  generally  of 
arches  of  great  span  to  reduce  the  number  of  piers  where 
a  plurality  of  arches  is  unavoidable,  that  abutments  may 
be  strengthened  to  bear  the  weight  and  thrust  of  a  lEu^ge 
flat  arch  at  much  less  expense  than  piers  within  the  bed 
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number  of  piers  may  be  made  strong  enough  to  cany 
arches  of  great  span  at  far  less  cost  than  a  greater 
number  of  slighter  piers  would  impose,  since  the  ad- 
dition of  substance  to  either  abutments  or  piers  adds 
but  little  if  at  all  to  the  essential,  or  rather  unavoid- 
able, expense  of  founding  them  on  the  margins  of,  or 
in  a  water-way,  whilst  the  founding  and  building  of 
piers  form,  for  the  most  part,  the  most  costly  item  in 
the  estimate  of  a  bridge. 

Attention  has  been  already  called  to  the  reasons  why 
a  navigable  river  may  be  narrowed  from  the  banks  by 
projecting  the  abutments  of  a  bridge  in  upon  a  stream 
with  less  disadvantage  than  by  piers  within  the  water- 
way, even  if  the  former  mode  do  not  in  some  cases 
produce  an  absolute  benefit  to  the  river  by  tending  to 
keep  its  channel  clear  where  it  is  most  desirable  that  it 
should  be  kept  so.  But  this  has  its  hmits  which  must 
be  carefully  ascertained  and  guarded,  or  the  current  will 
be  forced  to  scour  the  bed  under  the  bridge,  the  matter 
from  which  will  deposit  and  form  a  shoal  immediately 
below  it,  unless  the  banks  of  the  river  are  also  brought 
together  by  embankment  or  otherwise ;  and,  moroever, 
the  current  may  be  made  inconveniently  rapid  for  navi- 
gation by  undue  contraction  of  the  breadth  of  the  water- 
way, independently  of  the  other  contingencies,  which, 
however,  will  be  modified  in  their  effects  by  the  nature 
and  degree  of  hardness  of  the  substances  that  form  the 
bottom  or  bed  of  the  river. 

There  have  been  occasions  indeed  when  it  has  ap- 
peared questionable  whether  a  bridge  has  not  best  per- 
formed its  duty  by  penning  up  the  waters  of  a  river  for 
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the  benefit  of  the  navigation  above  it,  as  in  the  case  of 
Old  London  Bridge ;  and  occasions  do  occur  for  requiring 
a  bridge  to  perform  the  duty  of  a  dam  against  tidal  or 
flood-waters,  rendering  the  frequent  recurrence  of  piers 
thus  desirable,  if  not  essential  to  the  desired  effects, 
though,  in  most  cases,  whatever  regulation  a  water-way 
may  require  can  be  made  consistent  with  a  single 
opening,  and  consequently  with  the  smallest  possible 
number  of  openings  where  a  bridge  of  one  arch  is  im- 
practicable or  unattanable. 

The  history  of  Old  London  Bridge  yields  a  singularly 
instructive  instance  of  difficulties  occasioned  by  the 
bridge  itself,  of  interposed  obstructions  arising  out  of 
such  difficulties,  and  of  the  effects  produced  by  the 
measures  adopted  for  obviating  the  difficulties  without 
removing  the  obstructions.  The  mischief  done  by 
widening  the  central  archway,  and  the  precautions  taken 
to  hold  up  and  back,  and  to  regulate  the  water,  as  well 
for  the  advantage  of  above-bridge  navigation  as  for  the 
service  of  the  water-works  which  had  grow^n  parasitically 
about  the  old  bridge,  deriving  their  support  from  the 
dangerous  rapid  the  bridge  had  made,  making  the 
danger  greater  by  their  existence,  and  claiming  a  per- 
petuation of  the  nuisance  that  had  given  them  birth  to 
sustain  them  in  being,  form  altogether  a  most  valuable 
series  of  practical  lessons,  which  cannot  be  studied  too 
closely  or  learned  too  well.  They  may  be  found  in 
Smeaton's  Reports  and  in  the  Reports  of  a  Committee 
of  the  House  of  Commons  on  the  Improvement  of  the 
Port  of  London,  printed  in  1799,  1800,  and  1801. 

Although  the  precautionary  works  in  connexion  with 
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the  ordinary  repairs  of  London  Bridge  cost  thb  City 
at  the  rate  of  more  than  four  thousand  pounds  a  year, 
and  the  general  community  property  to  an  unlimited  ex- 
tent by  the  capsizing  and  swamping  of  craft,  without 
taking  the  constant  delay  of  what  passed  safely  into 
account,  together  with  the  lives  of  thirty  or  forty  persons 
aimually,  bo  far  from  the  expense,  loss,  and  danger 
having  induced  any  strong  recommendation  on  tlie  part 
of  Mr.  Smealon,  whose  name  would  have  given  authority 
to  any  such,  to  raise  or  obtain  a  supply  of  water  by  other 
means  than  those  which  existed  only  by  rendering  the 
river  dangerous,  and  the  bridge  itself  insecure,  the  sole 
aim  of  that  eminent  engineer  seems  to  have  been  how  to 
raise  the  same  head  of  water  that  the  water-works  had 
had  the  use  of  before  the  alteration  of  the  central  arch, 
without  detriment  to  the  then  existing  facihties  for  the 
navigation  of  the  river  under  the  bridge.  He  states  it, 
indeed,  as  a  thing  "  to  be  wished,  for  the  sake  of  security 
to  the  bridge,  as  well  as  navigation,  that  some  equivalent 
could  be  formed  to  the  water-works,  so  that  all  the  arches 
might  be  unstopped  ;  the  great  arch  remaining  as  it  is," 
[Report,  dated  28th  July,  1766,]  but  there  he  stops.  In 
another  place,  indeed,  Smeaton  states  it  to  be  his 
opinion  that  "  were  the  fall  at  the  bridge  considerably 
reduced  hy  any  means  whatever,  the  navigation  of  that 
part  of  the  river  [the  part  above  bridge]  would  be 
materially  affected;"  he  speculates,  too,  upon  the  proba- 
bility of  the  bridge  having  been  so  constructed, — that  is, 
as  a  merely  perforated  dam  or  imperfect  weir, — as  "  an 
expedient  to  retain  more  water  in  the  river  at  low-water," 
~"  for  the  sake  of  navigation;"  and  he  concludes  as  a 
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matter  of  *'more  than  speculation,"  **  that  a  stoppage  at 
London  Bridge,  in  the  present  state  of  the  bed  of  the 
river  above  bridge,  is  necessary  to  the  present  navigation 
thereof,"  this  being,  however,  upon  a  foregone  conclusion 
that  "  if  London  Bridge  were  to  be  taken  away,  the  river 
would  become  so  shallow  above  bridge  at  low-water,  that 
the  navigation  would  be  greatly  impeded  for  hours  each 
tide."  It  seems  to  have  escaped  the  notice  of  this  ge- 
nerally accurate  observer,  that  the  then  existing  state  of 
the  bridge  did  actually  stop  the  navigation  of  the  river 
one  way  or  the  other  constantly.^ 

Mr.  Smeaton  advised  the  Corporation  to  stop  up  some 
of  the  smaller  openings  of  the  bridge,  to  make  the  then 
lately  widened  central  archway  narrower,  though  but 
sUghtly,  and  to  raise  the  bed  of  the  river  within  that 
opening  to  form  a  sort  of  sunk  weir,  the  effect  of  which 
would  be  to  make  a  difference  in  the  level  of  from  four  to 
six  feet  between  the  low-water  level  on  one  side  and  on 
the  other  side  of  the  bridge,  or  a  fall  of  that  depth  within 
a  length  of  thirty  or  forty  yards  !  But  little  more  than  half 
a  century  had  elapsed  from  the  time  that  produced  these 
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thereby  in  the  deptli  of  the  water  above  bridge  has  been 
much  more  than  compensated  by  the  removal  of  the 
obstructions  which  Smeaton  considered  to  be  necessary 
"  for  the  sake  of  the  navigation;"  nor,  indeed,  does  the 
result  justify  his  conckision  when  a  fair  comparison  is 
drawn,  that  "  if  London  [Old]  Bridge  were  to  be  taken 
away,  the  river  would  become  so  shallow  above  bridge  at 
low-water  that  the  navigation  would  be  greatly  impeded 
for  hours  each  tide."  It  is  true,  nevertheless,  that  the 
water  does  become  shallower  above  bridge  than  it  be- 
came before  the  removal  of  the  old  bridge  ;  and  it  would 
appear  desirable  that  some  expedient  should  be  adopted 
(and  various  modes  have  been  suggested)  to  regulate  the 
discharge,  and  to  impede  the  afBux  at  flood  springs, 
when  the  river  is  full  from  upland  waters,  without  oc- 
casioning lapids  or  injuriously  affecting  the  navigation  in 
attempting  to  improve  it."* 

The  widening  of  the  centra!  opening  of  Old  London 
Bridge  by  the  removal  of  the  chapel-pier  and  starling 
which  stood  between  the  arches  included  in  the  new 
archway,  aflbrds  a  striking  practical  warning  of  the 
danger  to  a  bridge  itself,  and  of  the  injury  that  may 
be  done  to  a  river  by  partial  interference  with  a  con- 
tinuous obstruction.  Before  the  widening  referred  to 
there  was  no  very  material  difference  between  the  nu- 
merous perforations  or  archways  of  the  bridge,  so  that 


1    Tl                 U           d     bt  b  t  th  t  tl 

^  t          f  tl     Tt 

tlir     i;l     I       1        w     11   b     g      tl)     mi 

d        d  tl      )    dtl 

tow      b      ht  d    by        b     k    ^    th 

b  th      d      f    n 

Eln     I    Lo  d      B  dg               h  m  nn 

t    n    k     t    b  d    fn 

cqu  1  b      dtl  tl     ugl      t 

PRELIMINARY   ESSAY,  57 

they  operated  like  so  many  equal  sluices  distributed 
over  the  whole  width  of  the  stream,  and  no  particular 
action  was  induced  upon  any  one  that  was  not  felt  to 
nearly  the  same  extent  in  all.  Throwing  every  two  or 
three  openings  into  one,  reducing  the  number  by  one- 
half  or  one-third,  and  thus  extending  the  water-way 
equally  along  the  whole  line,  could  hardly  have  pro- 
duced increased  action  upon  any  one  of  such  widened 
openings  more  than  upon  all  the  rest,  though  it  seems 
pretty  clear  that  the  action  of  the  water  would,  by  the 
extension  of  the  water-way  and  the  consequent  reduction 
of  the  head  formed  by  the  partial  dam,  be  less  than  that 
induced  by  the  pressure  of  the  head  while  the  stream  was 
pent  up  by  the  bridge  in  its  unopened  condition.  Any 
extension  of  the  water-way  under  the  bridge  should, 
therefore, — having  reference  to  the  safety  of  the  bridge 
and  the  equabiUty  of  the  water-course  for  the  purposes 
of  navigation, — have  been  obtained  by  an  equal  distri- 
bution of  the  added  space  along  the  whole  Une ;  or, 
as  that  w^ould  have  been  both  inconvenient  and  expen- 
sive, and  the  interests  of  the  water-works  had  in  this 
particular  instance  to  be  regarded,  it  might  have  been 
confined  to  a  limited  number  of  the  openings  in  the 
central  part  of  the  bridge,  as  an  approximation  to  the 
really  correct  course.  Instead  of  this  the  course  most 
removed  from  that  here  assumed  to  be  the  correct  one 
was  pursued.  An  opening  of  great  comparative  mag- 
nitude was  made  in  the  middle  of  the  bridge  by  the 
removal  of  the  central  pier  that  had  carried  the  chapel, 
throwing   the   space   it  had  occupied  with  that  of  the 
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and,  as  a  compensation  to  the  water-works,  some  of  the 
smaller  openings  between  that  and  the  abutments  were 
shut  up.  Within  five  years  after  this  was  completed, 
it  was  found  that  the  starlings  under  the  piers,  upon 
which  the  great  arch  rested,  had  become  insecure,  and, 
on  an  examination  by  Mr.  Smeaton,  he  found  *'  the 
current  making  hourly  depredation  upon  the  starlings, 
the  south-w^est  shoulder  of  the  north  pier  undermined 
six  feet,  and  the  original  piles  upon  which  the  old  works 
had  been  built  laid  bare  to  the  action  of  the  water,  and 
several  of  them  loosened.  In  this  perilous  state,  (the 
Report  continues,)  when  a  settlement  of  that  pier  must 
necessarily  have  taken  place  in  a  few  days,  I  proposed 
the  only  remedy  I  knew  of  that  was  likely  to  be  attended 
with  success  in  circumstances  so  pressing,  viz. :  that  of 
securing  the  bed  of  the  river  with  a  body  of  rubble  stone, 
upon  which  the  said  angle  was  underpinned."  The 
emergency  was  indeed  thought  so  great  that  the  work 
was  begun  on  a  Sunday  morning,  the  stone  of  the  old 
city  gates  then  lately  sold  and  removed,  and  lying  oppor- 
tunely ready  in  Moorfields,  being  at  once  re-purchased  to 
effect  the  operation  with. 

The  cause  of  the  mischief  done  and  of  the  danger 
threatened  is  easily  determined.  The  body  of  water  in 
motion  under  the  action  of  the  head  formed  by  the  par- 
tial dam  across  the  rest  of  the  river,  necessarily  scoured 
the  channel  and  sought  to  do  so  to  a  depth  commen- 
surate with  its  breadth,  as  compared  with  the  breadth 
of  the  whole  body  of  upward  water  as  far  as  it  was  un- 
relieved by  the  smaller  existing  openings  of  the  bridge. 
So  powerful  was  the  action  thus  induced  that  the  usual 
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depth  of  the  river  at  low-water  at  that  part  had  been 
more  than  doubled  under  the  widened  archway,  and  this 
was,  at  Smeaton's  recommendation,  filled  up  with  rubble, 
and  the  rubble  further  raised  so  as  to  form  what  has 
been  called  a  sunk  weir ;  but  this  was  done  without  suffi- 
cient reference,  it  would  appear,  to  the  effect  that  would 
be  produced  upon   the  bottom  of  the  river  on  either 
side  of  this  weir  by  the  fall  of  the  water  both  above 
and  below,  (see  Plate  19,)  the  tidal  current  being  reci- 
procal.  Within  three  years  after  the  rubble  had  been  de- 
posited under  the  archway,  the  same  engineer  found  the 
bed  of  the  river,  at  a  few  yards  only  above  the  rubble 
weir,  to  be  pooled  to  the  depth  of  nearly  twenty  feet 
below  the  average  bottom  of  the  river,  and  at  a  propor- 
tionably  greater  distance  below  the  bridge  the  bed  was 
pooled  five  feet  deeper  than  it  was  above,  or  to  an  ex- 
tent that  might  have  been  calculated  to  be  due  to  the 
greater  head  and  consequent  fall  arising  from  the  upland 
waters,  and  the  difference  in  the  times  of  the  ebb  and 
flow  :  **  In  consequence  of  which,"  says  Smeaton,  *^  the 
bed  of  the  river  from  the  points  of  the  starlings  upward 
and  downward,  forming  a  slope   too  great  [steep]  for 
the  rubble  to  lie  upon  when  impelled  by  so  strong  a 
current,  the  sides  of  the  rubble  will  naturally  slide  into 
the   cavities :    this,   in   consequence,    has   impoverished 
the  body  of  rubble  immediately  under  the  arch."     Mr. 
Smeaton  recommended,  therefore,  that  rubble  should  be 
dropped  into  the  pools  also,  to  lessen  the  depths  and 
to  make  a  firm  footing  for  the  rubble  that  lay  imme- 
diately contiguous  to  the  piers  and  starli»^--' 
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answer  the  original  intention  of  such  filling.  Besides 
these  operations,  Smeaton  considered  "  it  would  be 
necessary  that  the  condition  of  the  rubble  bed  should  be 
frequently  examined,  and  that  there  should  be  always  in 
readiness  a  quantity  of  rubble  to  supply  such  deficiencies 
as  from  time  to  time  might  happen."  This  being  duly 
attended  to,  he  thought  there  was  "  sufficient  reason  to 
suppose  that  it  would  prove  a  lasting  support,"  and  that, 
"  when  by  the  disposition  of  the  rubble  the  cavities 
above  and  below  were  hindered  from  pooling,  and  the 
foot  of  the  rubble  bed  within  the  starhngs  supported 
thereby,  and  the  whole  by  time  consohdated,  it  might  be 
expected  that  the  repairs  of  that  part  would  be  very 
inconsiderable."  The  result  did  not,  however,  justify 
the  expectations  which  were  thus  raised,  for  the  rubble 
was  still  carried  away  from  under  the  archway  to  form 
shoals  at  some  short  distance  below  the  bridge,  where  the 
effect  of  the  rapid  ceased  to  keep  it  in  onward  motion. 
After  patient  perseverance  in  feeding  the  archway  and 
the  pools  with  rubble  for  nearly  thirty  years,  a  further 
attempt  was  made  to  detain  the  rubble  under  the  arch- 
way by  forcing  down  transverse  beams  in  grooves  within 
the  sides  of  the  starlings,  which  were  expected  "  to  pre- 
serve the  form  of  the  bottom  by  assisting  to  retain  the 
rubble."  Of  nine  beams  thus  placed  in  1793  and  1794, 
but  two  remained  in  1800,  and  these  two  were  the 
upwardmost  and  the  next  to  it  but  one,  or  those  the 
least  exposed  to  the  active  force  of  the  water,  and  the 
least  available  to  the  intended  effect,  so  that,  of  course, 
all  restraint  upon  the  rubble  was  again  removed. 

In  the  Parliamentary  inquiry  in  1799  and  1800,  upon 
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the  condition,  with  reference  to  the  improvement,  of  the 
port  of  London,  and  which  resulted  in  the  estabUshment 
of  the  London  and  other  Docks  upon  the  Thames,  near 
London,  the  condition  of  London  Bridge  and  its  effects 
upon  the  navigation  of  the  river  became  also  a  subject 
of  inquiry,  and  various  plans  were  submitted  to  the 
Select  Committee  of  the  House  of  Commons  appointed 
to  inquire,  by  several  architect-engineers  and  others. 
By  that  time  the  impossibiUty  of  making  the  existence 
of  the  water-works  compatible  with  the  safe  navigation 
of  the  river,  and  indeed  with  the  safety  of  the  old 
bridge  itself,  had  become  so  apparent  that  none  of  the 
projects  submitted  contemplated  the  continued  existence 
of  those  works,  the  removal  of  which  seems  to  have  been 
considered  but  forty  years  before  as  a  thing  to  be  wished, 
but  not  to  be  hoped.  A  scheme  was  entertained,  however, 
by  all  the  projectors,  and  fostered  by  the  Committee, 
who  eventually  reported  to  the  House  in  its  favour,  for 
making  the  river  navigable  by  large  sailing  craft  as  far  up 
as  Blackfriars'  Bridge  by  rebuilding  London  Bridge  with 
head-way  underneath  sufficient  to  allow  vessels  of  the 
size  that  depth  of  water  could  be  found  to  float,  to  pass 
under  the  bridge  with^  their  topmasts  standing.  With 
this  was  connected  a  project  for  embanking  the  river  to 
narrow  and  deepen  its  channel,  and  to  form  wharfs  and 
warehouses  upon  the  embankments ;  but  the  necessity 
which  the  great  proposed  height  of  the  bridge  (65  feet 
under  the  central  arch  above  high-water  level)  occa- 
sioned, of  carrying  the  approaches  far  inland  at  both 
ends,   and   the   opposition   of  those   interested    in    the 
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of  preventing  the  measures  proposed  by  the  Committee 
for  adoption,  from  being  carried  into  effect ;  and  nearly 
a  quarter  of  a  century  more  had  elapsed  before  the  sub- 
ject was  resumed  with  a  successful  result.  By  this  time, 
indeed,  circumstances  had  become  materially  altered ;  the 
matured  steam-engine  now  furnished  an  economical  and 
certain  means  of  raising  the  water  hitherto  raised  by  the 
action  of  the  current  from  the  river  through  the  medium 
of  London  Bridge  water- works,  rendering  these  no 
longer,  as  they  had  been  beUeved  to  be,  essential ; — the 
establishment  of  docks  had  cleared  the  river  of  the 
larger  classes  of  merchant  ships  that  before  encumbered 
its  stream,  and  had  thus  made  a  greater  extent  bf  its 
surface  within  the  town  fit  to  be  navigated  by  ships  no 
longer  desirable.  The  docks  had  also  furnished  corre- 
sponding facilities  for  landing  and  warehousing  goods  so 
as  to  render  the  projected  embankments  no  longer  so 
important  to  the  uses  of  trade  as  they  had  been  deemed 
when  the  banks  of  the  river  furnished  the  only  quays 
upon  which  goods  could  be  landed,  and  from  whence 
they  could  be  loaded  for  shipping.  London  Bridge  was 
therefore  rebuilt  with  but  little  more  head-way  than  the 
other  bridges  above  it,  within  the  extent  of  London, 
afforded. 

It  mav  be  considered  fortunate  that  the  obstacles  al- 
luded  to,  or  such  other  difficulties  as  really  operated  to 
prevent  the  execution  of  the  project  entertained  by  the 
Parliamentary  Committee  in  1800,  did  intervene,  since 
the  inclination  of  the  road-way  upon  the  bridge,  and  of 
its  approaches,  would  have  been  made  so  steep  as  to 
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traffic  of  London  to  and  over  the  new  bridge,  as  the  old 
bridge  had  formed  to  the  navigation  under  it ;  and  as,  in 
all  probabihty,  Messrs.  Telford  and  Douglass's  project  of 
a  gigantic  iron-framed  bridge  in  one  span  of  600  feet 
would  have  been  executed,  had  the  scheme  been  then 
carried  out,  the  defect  on  the  bridge  itself,  if  not  in  the 
approaches  would  have  been  irremediable,  except  by  the 
reconstruction  of  he  bridge. 

As  the  head-way  given  by  Temple  Bar  has  been  the 
London  standard  for  head-way  under  bridges  over  streets 
and  roads,  so  was  the  rise  or  rate  of  acclivity,  or, — to 
use  a  bad  but  now  well  understood  term, — the  gradient, 
of  Holborn  Hill  the  datum  for  the  rise  to  and  upon 
bridges ;  and  such,  or  an  average  of  one  in  sixteen,  was 
the  acclivity  proposed  by  Messrs.  Telford  and  Douglass 
to  be  given  to  the  road-way  to  and  upon  London  Bridge, 
according  to  the  designs  and  suggestions  laid  by  them,  in 
the  first  place,  before  the  Committee.  ^^  Mr.  Mylne,  the 
architect  of  Blackfriars'  Bridge,  in  the  maturity  of  his 
years,  described  "  an  outline  of  a  plan,"  \Nhich  he  pro- 

^^  The  **  obsen^ations  "  sent  with  the  first  designs  stated  the  extreme 
descent  on  the  bridge  to  be  2^  inches  in  a  yard,  or  1  in  16  with  a  head- 
way under  the  centre  arch  of  65  feet, — the  dimension  shown  on  the 
engraved  elevation; — those  attending  the  later  design,  showing  one 
opemng  of  600  feet  span,  state  that  the  matters  not  excepted, — of  which 
this  is  one, — **  are  supposed  to  remain  precisely  as  in  the  former  state- 
ments," though  one  of  the  parties  who  sent  answers  to  the  inquiries 
subsequently  proposed  by  the  Committee,  understood  Messrs.  Telford 
and  Douglass  to  intend  the  declivity  of  the  carriage-way  to  be  yjth, 
which  he  (Colonel  Twiss  of  Woolwich)  considered  unnecessarily  flat ! 
Mr.  Telford  lived  to  specify  the  rise  and  the  consequent  declivitv  of 
the  road-way  upon  a  bridge  in  a  commercial  citv  ^^^ 


At-. 
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posed  to  the  same  Committee,  for  a  new  bridge  in  the 
place  of  London  Bridge,  with  a  road- way  "  to  the  foot  of 
the  new  bridge,  and  to  the  upper  part  of  the  centre  arch 
thereof,"  ....  ^*  having  an  acclivity  or  rise  proper  for 
carriages ;''  by  which  expression  Mr.  Mylne  says,  in  a 
note,  "  is  meant  10  inches  rise  to  a  horizon  of  14  feet 
long,"  explaining,  in  the  same  note,  that  *'  on  Holborn 
Hill,  it  is,  opposite  to  Shoe  Lane,  at  the  rate  of  10^ 
inches,  and  opposite  to  Ely  Place,  10  inches,  or  from 
1  in  16  to  1  in  168!" 

It  is  not  indeed  until  within  the  last  few  years  that 
the  propriety  has  been  recognised,  even  in  England,  of 
restricting  the  rise,  and  consequently  the  fall  of  road* 
ways  upon  bridges,  and  of  the  approaches  to  them,  to 
the  inclination  that  the  sort  of  road  intended  would  give 
at  its  angle  of  friction,  or  the  inclination  producing 
repose  upon  the  materials  used,  and  at  which  inclination 
waggons  and  heavy  carriages  may  be  safely  allowed  to  go 
down  without  skidding,  or  dragging  a  wheel.  This  may 
be  taken  at  about  one  in  thirty-five  upon  broken  stone 
or  Macadamized  roads,  and  at  one  in  forty-five  or  fifty 
upon  ordinary  pitched  paving.  The  road-ways  of  West- 
minster and  Blackfriars'  Bridges,  with  inclinations  of  one 
in  fifteen,  have  consequently  been  recognised  as  nui- 
sances, and  the  road-way  to  the  former  has  been  already 
reduced,  by  a  most  skilful  operation,  to  one  in  twenty- 
four,  and  the  latter  bridge  is  in  course  of  preparation  for 
a  similar  process,  as  the  best  approximation  to  what  is 
desirable  that  can  be  obtained  under  the  peculiar  circum- 
stances of  these  constructions. 

It  may  perhaps  be  worthy  of  consideration,  whether  in 
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such  cases  as  those  last  referred  to  the  near  sides  of  the 
road-ways  might  not  be  pitch-paved  to  ease  the  up- 
draught,  and  the  off-sides  laid  with  broken  stone,  to  give 
more  friction  in  the  descent,  with  further  advantage. 

Reverting  to  the  projects  submitted  to  the  Select 
Committee  of  the  House  of  Commons  in  1800,  for  re- 
moving Old  London  Bridge  and  providing  a  substitute 
for  it  which  should  give  access  to  the  part  of  the  river 
above  the  site  of  the  bridge  to  masted  vessels  of  a  certain 
class,  and  to  the  evidence  and  opinions  given  upon  them, 
one  or  two  observations  occur  which  carry  instruction 
with  them.  It  appeared  that,  in  connexion  with  his 
project  for  rebuilding  the  City  after  the  great  fire.  Sir 
Christopher  Wren  had  proposed  to  alter  and  improve 
London  Bridge  by  obliterating  the  two  northernmost 
arches,  removing  every  other  pier  from  thence,  and  re- 
constructing the  upper  works  of  the  bridge  with  nine,  or 
half  the  number  of  arches,  upon  the  remaining  piers. 
At  that  time  not  more  than  the  two  northernmost 
archways  had  been  occupied  by  water-wheels,  and  the 
buildings  on  the  neighbouring  shore  having  been  de- 
stroyed by  the  fire,  the  approach  on  that  side  might 
have  been  raised  to  the  extent  that  the  design  required 
without  any  great  difficulty ;  whilst  the  property  im- 
mediately adjoining  the  bridge  on  the  south  side  was  of 
but  small  comparative  importance  for  some  distance  in- 
land, and  the  approach  on  that  side  might  therefore 
have  been  raised  without  much  inconvenience ;  but  Sir 
Christopher  Wren  was  in  advance  of  his  "- 
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with  that  which  he  proposed  for  rebuilding  the  City; 
the  water- works  continued  to  encroach  with  their  wheels 
upon  the  water-way,  until  five  archways  of  the  bndge 
at  one  end,  and  two  at  the  other,  were  occupied  by 
them,  and  until  the  action  of  the  water,  setting  with  a 
fall  through  the  impeded  and  contracted  passages,  had 
rendered  the  old  structure  as  insecure  in  itself,  as  it  had 
always  been  dangerous  to  the  navigation  of  the  river. 
The  second  Report  of  the  Select  Committee^-  says  that 
Parliament  had  granted  £82,000  between  1758  and  1765 
for  the  alteration  and  improvement  of  the  bridge,  and 
that,  nevertheless,  the  average  annual  expense  of  repairs 
for  the  last  ten  years  had  exceeded  £4,200.  According 
to  Mr.  Mylne  £90,000  had  been  laid  out,  and  the 
revenues  of  a  large  estate  expended,  to  preserve  the 
bridge ;  whilst  Mr.  Ralph  Dodd,  —  who  is  reputed 
the  original  projector  of  Waterloo  Bridge, — says,  "  the 
wretched  fabric  is  held  together  at  a  great  expense 
(above  £4,000  per  annum),  which,  if  left  to  itself  for 
two  winters,  would  inevitably  tumble  into  ruins."  and 
recurring  to  Mr.  Mylne's  statement,  **  its  figure  and 
foundations  contain  the  seeds  of  sudden,  not  gradual, 
dissolution.'' 

It  cannot  be  more  strongly  inculcated  than  in  the 
lesson  liere  taught,  that  such  evils  as  those  which  were 
connected  with  Old  London  Bridge  should  be  traced  to 
their  source  as  soon  as  they  are  perceived,  and  be  at 
once  removed  with  their  causes,  since  nursing  them  and 

^-  Ordered  by  the  House  of  Commons  to  be  printed,  1 1th  Jiilv,  1799. 
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tampering  with  them  only  tend  to  perpetuate  the  mis- 
chief without  diminishing  its  cost. 

The  most  magnificent  looking  designs  submitted  to 
the  Committee  were  those  of  Mr.  Dodd  who  is  quoted 
above,  one  of  them  being  an  extension  of  the  project  of 
Sir  Christopher  Wren ;  but  Mr.  Dodd  did  not  improve 
in  every  point  in  which  his  design  differed .  from  Sir 
Christopher's.  The  latter,  as  already  intimated,  extended 
the  north  abutment  through  the  space  occupied  by  the 
archways,  where  the  water  must  have  been  always  slack, 
and  made  nine  arches  over  the  water-way ;  but  Mr. 
Dodd  placed  the  northernmost  arch  of  his  design  for  a 
seven-arched  bridge  upon  the  site  of  those  obliterated  by 
Sir  Christopher;  thus  throwing  the  whole  construction 
over  to  the  north  side,  and  hiding  one  arch  behind  his 
embanked  quays.  The  old  piers  were  to  be  used,  and 
the  central  arch  was  to  be  of  iron,  with  an  eUiptical 
opening  of  300  feet  span,  and  high  enough  **  to  admit 
ships  of  500  tons  burden  to  pass  under  it."  Mr.  Dodd 
determined,  however,  upon  subsequent  inspection,  that 
the  old  foundations  were  not  to  be  trusted,  and  suggested 
a  new  iron  bridge,  of  three  such  arches  as  that  above 
referred  to,  if  an  iron  bridge  should  be  preferred,  but  he 
himself  strongly  recommended  a  stone  one,  and  ac- 
cording to  his  second  design,  in  which  the  abutments 
were  brought  forward,  and  the  number  of  arches  reduced 
to  five,  the  central  arch  being  of  160  feet  span,  and, — 
according  to  the  written  description, — 80  feet  high,  though 
the  illustrative  print  shows  the  arch  as  a  segment  less  than 
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of  the  monstrous  rise  of  one  in  fifteen  from  St.  Thomas's 
Street  oil  the  south,  and  from  Eastcheap  on  the  north,  to 
the  centre  of  the  hridge,  making  a  plane  on  the  City  side 
of  the  steepness  of  Holbora  Hili,  and  nearly  three  times 
its  length ;  whilst  that  on  the  Southwark  side  would 
have  been  of  the  same  degree  of  steepness,  and  even  yet 
longer ! 

Mr.  Dodd's  tirst  design  exhibits  considerable  ingenuity 
in  providing  resistance  to  the  thrust  of  the  great  iron 
arch,  which  is  effected  by  a  series  of  low  elhptical  arches 
under  tlie  upper  semicircular  arches  which  carry  the 
road-way  from  the  abutments  on  to  the  great  central 
arch,  the  navigation  of  the  river  for  craft  requiring  lofty 
head-way  being  well  provided  for  by  the  great  archway. 
The  iron  arch,  too,  presents  an  extreme  degree  of  mas- 
siveness,  that  would  have  accorded  well  with  the  masonry 
constructions  in  conjunction  with  it,  though  the  coupled 
columns  in  face  of  the  piers,  and  their  frittered  enta- 
blature surmounted  by  a  frippery  balustrade,  detract 
much  from  the  generally  striking  effect  which  the  com- 
position other\vise  produces.  The  design  for  a  bridge  of 
masonry  in  five  arches  is  a  mere  common-place  series  of 
ill-shaped  arches  overlaid  with  architectural  puerilities, 
which  Mr.  Dodd  intended  to  be  indicative  of  "  national 
grandeur,"  whilst  both  the  designs,  or  rather  ail  tbe 
three,  by  this  author, — as  one  design  of  three  iron  arches 
is  imphed, — are  liable  to  utter  condemnation  because  of 
their  inapplicabiUty  to  the  site  through  their  loftiness, 
and  the  consequent  impracticability  of  their  road-ways ; 
but  this  must  be  attributed  rather  to  the  general  inten- 
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tiou  of  the  time  than  to  any  exaggeration  on  the  part  of 
this  particular  projector. 

Mr.  Mylne  sent  no  drawing  of  a  design  for  a  bridge, 
but  he  gave  a  general  description  in  writing,  from  which 
may  be  inferred  a  something  not  unlike  Mr.  Dodd's  five- 
arched  bridge  of  masonry,  and  with  road-way  and  ap- 
proaches ^^  proper  for  carriages,^'  according  to  Mr. 
Mylne's  estimate  of  what  propriety  in  that  respect  was.*^ 

Mr.  Dance,  the  architect  of  the  gaol  of  Newgate,  and 
at  the  time  Surveyor  to  the  City  of  London,  proposed  to 
make  the  space  between  London  and  Blackfriars'  Bridges 
available  for  shipping  without  raising  the  lower  of  the 
two  bridges  so  high  as  to  render  the  road-ways  to  and 
over  it  "  an  insufferable  nuisance,"  (to  use  Mr.  Dance's 
own  words,)  in  an  ingenious  and  not  altogether  ineli- 
gible mode,  though  the  project  was  not  received  with 
the  same  degree  of  favour  which  the  Committee  deigned 
to  those  designs  which  embodied  the  favourite  scheme 
of  leaving  the  river  navigable  under  the  bridge  for 
ships  with  topmasts  standing.  Instead  of  one  lofty 
and  almost  inaccessible  bridge,  Mr.  Dance  proposed 
"  to  erect  two  low  and  level  bridges,  at  the  distance  of 
300  feet  asunder,  with  a  draw-bridge  in  each  for  the 
passage  of  ships,  and  by  the  alternate  opening  of  these 
draw-bridges  at  suitable  times  of  tide,  under  the  regula- 
tion of  a  proper  officer,  and  signals,  by  hoisting  flags, 
or  otherwise,  might  be  adopted,  the  public  woulH  5»i— 
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whilst  the  other  was  open  to  admit  the  ships,"  ** — 
which  were  to  be  moored  in  the  space  between  the  two 
bridges  to  await  the  tide  and  their  turn.  In  addition  to 
the  ingenuity  displayed  in  the  arrangement  of  the  design 
generally,  and  the  taste  evinced  in  the  composition  of 
the  twin  bridges  with  one  another,  and  with  the  proposed 
approaches,  the  design  of  the  bridges  themselves  is  fa- 
vourably distinguished  from  the  other  designs  for  the 
bridge  by  a  dignified  simplicity  far  more  consistent  with 
true  grandeur  than  Mr.  Dodd's  "  columns,  niches, 
trophies,  statues,  and  other  ornaments."  In  aiming  at 
economy  in  the  structure  and  in  the  approaches,  how- 
ever, and  to  keep  the  bridges  themselves  level,  Mr. 
Dance's  bridges  were  so  much  depressed  that  the  spring- 
ings  of  their  elliptical  arches  are  below  high-water  level, 
and  the  general  head-way  for  ordinary  river  craft  was 
altogether  too  low,  and  it  may  be  questioned  whether 
the  piers  to  the  draw-bridges  were  of  sufficient  substance 
to  resist  the  thrust  of  arches  so  flat  as  those  proposed. 
Moreover,  the  semi-cylindrical  attachments  to  the  faces 
of  the  ordinary  piers  injure  the  composition  by  the  hetero- 
geneousness  of  their  forms,  and  by  cutting  off  the  spring- 
ings  of  the  arches,  whilst  the  cyUndrical  towers  of  the 
draw-bridges  are  even  more  objectionable,  as  they  stand 
out  of  the  line  of  the  faces,  though  indeed,  by  thus 
standing  out,  they  allow  the  arches  to  spring  from  their 
true   horizontal   beds.      The  position  assumed  for   the 

^^  Pa^c  79  of  Appendix  (D)  to  third  Report  from  the  Select  Com- 
mittee upon  the  Improvement  of  the  Port  of  London.     Ordered  to  be 
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sister  bridges  and  the  pool  between  them  was  selected 
in  such  manner  as  to  bring  the  Monument  on  Fish  Street 
Hill  into  the  centre  of  the  vista  northward,  and  Mr. 
Dance,  with  great  good  taste,  introduced  a  lofty  and  well- 
proportioned  obelisk  at  the  southern  end  of  the  pool  to 
balance  the  column  on  Fish  Street  Hill,  the  north  end  of 
the  pool  being  occupied  by  an  equestrian  statue.  It  may 
too  be  questioned  whether  the  end  aimed  at  would  have 
been  perfectly  answered  in  the  manner  proposed  at  all, 
and  certainly  it  could  not  have  been  even  well  effected 
with  but  one  draw-bridge  in  each  of  the  main  bridges, 
as  Mr.  Dance  appears  to  have  himself  suspected,  whilst 
there  must  have  been  always  considerable  practical  diffi- 
culty, and  no  inconsiderable  expense,  in  turning  the  tide 
of  commerce  over  from  one  bridge  to  the  other  in  so 
thronged  a  commercial  thoroughfare  as  London  Bridge 
must  be  while  London  is  what  it  is. 

General  Bentham,  an  eminent  engineer  officer,  laid 
before  the  Committee  a  project  of  a  single  bridge  widened 
in  the  middle  to  admit  of  a  chamber  capable  of  receiving 
a  ship  between  two  draw-bridges,  w^hich  were  to  be 
worked  in  the  manner  proposed  by  Mr.  Dance  in  his 
project  of  a  pair  of  bridges  with  a  pool  or  basin  between 
them.  According  to  General  Bentham's  plan,  the  work- 
ing of  the  draw-bridges,  and  the  consequent  interruption 
of  the  line  of  thoroughfare,  must  have  been  incessant,  if 
ships  had  been  required  to  pass  at  all,  and  it  may  be 
further  objected  to  it  that  such  a  restricted  space  as  a 
mere  lock-chamber  in  the  stream  of  a  rapid  tide-way 
would  have  occasioned  great  difficulty  in  laying  a  vessel 
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in  without  severe  concussions,  from  which  both  ship  and 
bridge-works  must  suffer,  though  the  plan  had  this  ad- 
vantage over  Mr.  Dance's,  that  a  vessel  was  passed  in 
one  operation,  and  the  trouble  and  delay  of  mooring  in 
the  pool  avoided.  As  a  design  lor  a  great  public  work, 
however.  General  Bentham's  is  unworthy  of  a  moment's 
notice,  its  only  interest  arising  from  the  project  of  passing 
ships  through  without  interrupting,  except  by  turning, 
the  thoroughfare  upon  the  bridge. 

Mr.  James  Black  proposed  a  granite  bridge  of  three 
unequal  arches  of  the  Neuilly  "  complex  "  form.  The 
design  is  remarkable  alike  for  the  boldness  and  real  gran- 
deur of  the  project,  for  the  feebleness  of  the  masonry  of 
the  proposed  structure,  and  for  the  bad  taste  of  the  com- 
position and  arrangement  in  detail ;  and  it  may  be  further 
remarked  that  Mr,  Black  went  even  beyond  his  brother 
projectors  in  the  rise  he  gave  to  the  road-ways  of  the 
approaches,  which  was  one-fourth  steeper  than  Holbom 
Hill,  or  at  an  inclination  of  one  in  twelve,  the  rise  upon 
the  bridge  itself  over  the  first  and  third  arches  being  at 
the  rate  of  one  in  eighteen.  The  boldness  of  the  project 
consisted  in  the  proposal  to  build  a  granite  bridge  with 
arches  of  220  and  240  feet  span,  rising  but  one-fourth 
their  span  resj)ectively,  as  nothing  approaching  tliat  de- 
gree of  magnitude  with  similar  proportions  had  been  any 
where  or  at  any  time  attempted.  Whether  it  was 
deemed  impracticable,  or  that  the  Committee  were  led 
away  from  the  consideration  of  any  other  by  the  capti- 
vating effect  of  Messrs.  Telford  and  Douglass's  project 
for  an  iron-framed  bridge  of  GOO  feet  s))an  in  one  opening. 
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does  not  appear,  for  they  simply  remark  upon  Mr. 
Black's  project,  that  Mr.  Black  proposed  "  a  bridge  of 
granite  of  three  arches  of  an  extent  much  exceeding 
those  of  any  stone  bridge  which  has  been  attempted  in 
Europe,"  and  proceed  to  call  attention  to  the  "  obvious 
advantages  which  would  be  obtained  if  the  communica- 
tion could  be  effected  by  means  of  a  single  arch,  as  well 
as  the  magnificence  of  the  proposed  structure,"  *^  over- 
looking altogether  the  **  obvious  advantages"  of  granite 
masonry  over  cast-iron  framing.  The  great  defects  of 
composition  and  in  detail  in  Mr.  Black's  design  were 
remediable,  whilst  its  real  magnificence  was  inherent,  and 
the  design  was  consequently  much  more  deserving  of  at- 
tention than  the  magnificent  wonder  which  threw  it  into 
the  shade.  It  is  true  that  the  Committee  had  already  re- 
ported to  the  House  in  favour  of  an  iron  bridge,  but  the 
observations  Mr.  Black  submitted  with  his  design  for  a 
bridge  of  granite  masonry,  with  reference  to  this  Report, 
seem  to  deserve  more  attention  than  they  obtained  at  the 
time.  Having  quoted  the  resolution  of  the  Committee  in 
favour  of  an  iron  arch,  Mr.  Black  observes  "  that  a  frame- 
work of  iron  or  a  frame-work  of  wood  will  be  subject  to 
considerable  vibrations ;  that  vibrations  are  attendant  on 
all  structures,  and  are  the  primary  cause  of  their  decay 
and  final  ruin,  wherefore  structures  which  are  by  their 
form  least  subject  to  vibration  are  the  most  durable." 
"  But  it  may  be  proper  to  observe  also," — Mr.  Black 
continues,  after  citing  an  example  that  he  considered  a 

^•'*  Supplemental   Report  from  the  Select  Committee   upon  further 


^^  1         V  ■*     v~*  ^-»   ■• 
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proof  of  what  he  had  said, — "  that  when  the  causes  are 
complete,  a  frame-work  may  be  subject  by  its  form  to 
instantaneous  ruin, —  that,  on  the  other  hand,  soUd 
structures  of  stone  proceed  by  a  gradual  decay  the  com- 
mon course  of  nature.  Thus,  although  a  frame- work 
may  be  endowed  with  its  beauties  of  form,  and  be  very 
compact  in  its  construction,  it  cannot  be  considered  as 
having  the  properties  of  solidity  and  durabiUty  of  a 
body  well  proportioned  and  constructed  of  the  best  ma- 
terials." '^ 

Several  designs  for  a  bridge  of  cast-iron  were  proposed 
at  the  same  time  with  the  former  designs  of  Messrs. 
Dodd,  Mylne,  and  Dance.  One  was  a  design  with  three 
unequal  openings  or  archways,  by  Mr.  Wilson,  who  is 
described  as  the  "  architect  of  the  celebrated  bridge  at 
Wearmouth,  near  Sunderland,"  but  it  was  of  far  inferior 
merit  in  its  composition  to  the  latter  work,  and,  indeed, 
it  possessed  but  one  merit,  and  that  somewhat  of  a  nega- 
tive quality,  that  the  ascent  was  of  only  1^  inch  in  a 
yard,  or  at  the  rate  of  1  in  24,  though  the  height 
above  the  water  was  the  standard  of  65  feet,  so  that 
the  approaches  must  have  been  extended  longitudinally 
in  proportion  to  the  limitation  of  rise  in  the  ascent. 
Three  or  four  of  the  designs  were  by  Messrs.  Telford 
and  Douglass,  some  being  of  three  and  others  of  five 
unequal  openings ;  but  all  that  are  pubhshed  are  con- 
ceived and  composed  in  the  worst  possible  taste ;  the 
iron  ribs  in  every  case  being  segments  of  circles  placed 

^**  From  Appendix  to  Supplemental  Report  last  quoted. 
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between  the  piers  without  either  impost  or  abuttal,  and 
in  appearance  poised  in  the  air  upon  acute  angles  be- 
tween the  sides  of  the  piers.  One  of  these  copartnery*^ 
designs  placed  the  greatest  opening,  and  the  highest  part 
of  the  bridge,  nearer  to  the  north  shore  than  to  the 
south,  to  ease  the  ascent  from  the  latter;  thus  taking 
the  loftiest  head-way  away  from  the  most  navigable  part 
of  the  channel  for  the  very  trifling  economical  advantage 
to  be  derived  from  a  sUght  reduction  of  the  extent  of  the 
southern  approach.  It  was  subsequent  to  the  pubUcation 
of  these  designs,  and  of  all  the  rest  before  referred  to, 
except  Mr.  Black's  and  General  Bentham's,  as  well  as  of 
the  Report  of  the  Committee  upon  them,  that  Mr.  Black's 
design  for  a  granite  bridge  in  three  arches,  and  Messrs. 
Telford  and  Douglass's  for  an  iron-framed  bridge  in  one 
span  of  600  feet,  were  delivered.  The  latter  design  pro- 
duced so  strong  an  impression  upon  the  general  mind 
that  the  Committee  of  the  previous  years  re-assembled  in 
1801,  and  entered  into  an  investigation  of  its  merits, 
submitting  a  series  of  practical  and  scientific  inquiries  to 
those  persons  who  were  deemed  most  competent  to  give 
information  and  advice  to  remedy  defects  if  such  should 

^7  It  is  somewhat  remarkable  that  in  the  lately  published  "Life  of 
Telford,"  written  by  himself,  and  edited  and  amplified  by  his  friend  and 
executor,  Mr.  Rickman,  no  mention  is  made  of,  and  no  allusion  can  be 
discovered  to,  Mr.  Telford's  connexion  with  Mr.  Douglass,  nor,  indeed, 
to  the  designs  themselves  for  London  Bridge ;  and  it  is  hardly  less  so, 
that  in  the  written  document  submitted  by  Messrs.  Telford  and  Douglass, 
with  their  designs,  the  former  signs  first,  and  designates  himself  **  Sur- 
veyor," and  Mr.  Douglass,  following,  writes  himself  *'  Engineer,"  whilst 
they  are  designated  jointly,  by  the  Committee,  "the  Architects" ! 
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be  thought  or  be  found  to  exist  in  the  design.  One 
of  the  persons  appUed  to  was  General  Bentham,  who 
at  once  laid  the  inquiries,  and  the  design  to  which  they 
referred,  aside,  and  applied  himself  to  improve  Mr. 
Dance's  project  in  the  composition  already  alluded  to ; 
and  another  was  Mr.  Southern,  a  contemporary  prac- 
tising civil  engineer,  who,  disapproving  of  the  principle 
of  construction  of  the  iron-work  of  Messrs.  Telford  and 
Douglass's  design,  suggested  another  mode,  which  he 
thought  better  adapted  to  answer  the  end  in  view.  All, 
however,  who  expressed  an  opinion  as  to  the  practica- 
bility and  advisableness  of  such  a  work  as  that  proposed, 
(and  almost  all  whose  answers  are  given  do  so,)  concur  in 
the  affirmative,  how  widely  soever  they  may  differ  in  the 
course  of  reasoning  by  which,  or  in  the  assumptions  upon 
which,  they  arrive  at  the  conclusion.  Many  of  those 
who  expressed  an  opinion  in  favour  of  the  practicability 
and  advisableness  of  the  plan  stated  also  their  beUef  that 
an  arch  constructed  according  to  it,  was,  in  the  words  of 
the  inquiry,  **  capable  of  being  rendered  a  durable 
edifice."  The  diversity  of  opinion  upon  most  of  the 
matters  of  detail  was,  nevertheless,  very  great.  Some 
treated  the  construction  as  that  of  an  arch,  and  others 
considered  it  as  a  piece  of  framing  to  bear  across ;  some 
preferred  an  elliptical  form  to  the  segment  of  a  circle, 
which  the  design  exhibited ;  some  thought  the  widening 
on  the  plan  from  the  centre  towards  the  abutments  a 
great  advantage ;  others  recommended  that  the  bridge 
should  be  made  generally  wider,  but  not  to  extend  the 
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and  others  again  thought  the  spur  widening  not  only 
unnecessary  but  really  injurious,  because  of  the  great 
weight  thereby  brought  into  the  haunches  or  spandrels 
without  countervailing  power  in  the  middle,  or  towards 
and  in  the  crown.  It  was  a  general  opinion,  indeed,  that 
the  haunches  were  overloaded  with  metal,  whilst  the 
devices  for  lightening  them  were  various ;  and  it  was 
thought  by  some  that  the  construction  might  have  been 
greatly  improved  by  occupying  the  height  of  the  ba- 
lustrade above  the  road-way  with  what  should  contri- 
bute to  the  strength  of  the  work,  even  though  it  had 
the  effect  of  placing  a  barrier  between  the  foot-ways 
and  the  carriage-way,  and  even  of  dividing  the  carriage 
road-way  into  as  many  track-ways  as  the  bridge  con- 
tained ribs. 

The  plan  of  the  bridge,  according  to  the  design  of 
Messrs.  Telford  and  Douglass,  was  that  of  the  common 
class  of  road-bridge  usually  built  in  brick-work  over 
canals,  and  of  which  there  are  yet  too  many  existing 
examples  on  main  Unes  of  road,  even  about  London. 
To  save  wing-walls,  and  to  make  a  narrow  bridge  look 
wider  than  it  really  is,  the  faces  are  made  concave,  so 
that  the  parapets  are  convex  towards  the  road-way ;  and 
in  the  design  in  question  for  London  Bridge,  the  faces 
bent  back  from  the  abutments  towards  the  centre  in  flat 
segments  of  a  circle  narrowing  the  road-way,  or  rather 
the  breadth  of  the  bridge  upon  the  plan,  from  90  feet  at 
the  abutments  to  45  feet  in  the  middle.  The  object  in 
this  case  was  to  enable  the  bridge  to  withstand  the  con- 
cussions to  which  it  was  to  be  considered  Uable  from  the 
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masts,  and  even  from  the  hulls,  of  ships  intending  to 
pass  under,  or  being  drifted  by  accident  upon  it.  Mr. 
Jessop  thought  that  the  bridge  might  be  made  strong 
enough  to  resist  any  lateral  bias  without  the  spur  widen- 
ing, and  at  much  less  expense ;  and  it  seems  clear  that 
the  bridge  might  have  been  made  of  the  greater  width  of 
55  or  even  60  feet  throughout  at  no  greater  expense  than 
the  widening  from  45  to  90  feet  would  have  involved, 
with  a  manifest  advantage  to  the  useful  qualities  of  the 
work  as  a  bridge  in  an  immense  thoroughfare.  The 
form  of  the  arch  was  that  of  a  segment  of  a  circle, 
whose  radius  was  about  725  feet,  the  chord  being  600, 
and  the  versed  sine  65  feet,  having  haunches  of  enor- 
mous depth  at  the  springings,  as  the  inclination  of  the 
road-way,  great  as  it  was,  did  not  take  much  out  of 
the  rise,  after  the  vertical  thickness  of  the  work  at  the 
crown  is  deducted.  An  elliptical  form,  however  slight 
the  tendency  to  ellipse  had  been,^®  would  have  given  a 
much  more  graceful  appearance  to  the  work  than  it 
could  derive  from  a  mere  segment  of  a  huge  circle, 
whilst  every  shade  of  approximation  to  the  ellipse  would 
tend  to  hghten  the  spandrels,  in  which  case  the  haunches 
might  have  been  most  beneficially  made  deeper, — not  by 
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placing  the  springings  or  imposts  below  the  level  of  high- 
water,  but  by  raising  the  road-way  over  them  until  the 
inchnation  should  have  been  brought  to  what  a  heavy 
passenger  carriage  could  be  trotted  over,  and  a  laden 
waggon  drawn  over,  without  extra  power  on  the  rise, 
and  without  locking  the  wheels  on  the  fall.     Without  an 
alteration  to  the  effect  last  indicated,  indeed,  whatever 
other  merits  or  attractions  it  might  have  possessed,  the 
bridge  would  have  been,  in  Mr.  Dance's  words,  an  insuf- 
ferable nuisance.    Moreover,  the  gradual  wedge-Uke  nar- 
rowing  of  the  road- way  towards  the  middle  of  a  bridge  a 
furlong  in  length,  to  one-half  the  breadth  it  possesses  at 
the  extremities,  where  alone  there  could  be  an  escape 
laterally,  would  have  led  to  inconvenience,  and   have 
produced  disasters  that  do  not  appear  to  have  been  con- 
templated.    The  proposed  inclination  of  the  road-way  is 
such  that  all  classes  of  carriages  must  be  brought  to  the 
same  pace  in  ascending,  keeping  the  lighter  and  swifter 
carriages  in  their  ranks  abreast  of  the  heavier  and  slower; 
and  as,  in  such  a  thoroughfare  as  that   over  London 
Bridge,   the  widest   road-way   that   could  be  provided 
would  be  often,  if  not  constantly,  occupied  across  the 
whole  breadth,  the  tendency  of  such  an  arrangement  of 
the  plan  of  the  bridge  is  to  wedge  the  ranks  of  carriages 
together  as  they  advance  towards  the  middle,  and  thus 
render  the  way  totally  impassable. 

The  foregoing  remarks  upon  the  transactions  and  pro- 
positions in  connexion  with  Old  London  Bridge  and  the 
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within  a  great  commercial  city,  bear  either  directly  or  in- 
cidentally upon  most  of  the  more  important  matters  that 
require  consideration  in  arranging  for  the  improvement 
or  reconstruction  of  a  bridge,  and — with  the  observations 
preceding  them — for  the  construction  of  a  new  one.   The 
mischief  that  may  be  done  by  a  bad  bridge  is  here  shown 
in  the  clearest  light,  whilst  the  futiUty  of  attempts  to 
alleviate  evils  without  remedying  the  abuses  which  ren- 
der  them   greater,   is   fully  proved  by   example.     The 
case  illustrates  also  the  necessity  of  looking  beyond  the 
present  moment,  and  of  weighing  the  probable,  and  even 
the  merely  possible,  as  well  as  the  certain  results  of  what 
is  proceeding  or  confidently  intended,  with  what  is  pro- 
posed and  contemplated.   Whilst  the  House  of  Commons, 
by  their  Committee,  were  still  occupied  in  seeking  for 
aod  considering  designs  and  suggestions  for  rendering  the 
Thames  accessible  for  ships  a  few  hundred  yards  higher 
up  than  it  had  been,  to  the  permanent  injury  of  by  far 
the  most  important  communication  over  the  river, — for 
the  sole  benefit,  as  it  now  appears,  of  the  owners  of  the 
water-side   property  between   London   and   Blackfriars' 
Bridges,  and  of  the  immediate  owners  of  lighters, — the 
docks  were  already  in  progress,  whereby  the  river  was 
rendered  comparatively  clear,  property  secured,  and  the 
wretched  system  of  loading  and  unloading  ships,  bearing 
merchandise,  by  means  of  lighters  practically  abolished. 
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The  practice  of  Bridges,  or  the  application  of  the  art  of 
forming  constructed  erections  as  Bridges,  involves  certain 
important  considerations  preliminary  to  the  execution  of 
any  work.  These  have  reference  to  the  situation,  to  the 
object  to  be  attained,  to  the  materials,  and  to  the  de- 
sign,—  this  subject  of  consideration  depending  greatly 
upon  that  which  next  precedes  it,  and  both  being  always 
and  of  necessity  influenced  by  the  last,  but  not  least 
important  subject, — the  means  at  the  disposal  of  the 
architect,  whether  local,  mechanical,  or  economical; 
whilst  all  the  subjects  named  are  so  intimately  con- 
nected by  their  influences  upon,  as  to  require  that  they 
be  considered  in  connexion  with,  one  another. 

In  laying  out  a  new  Une  of  road  through  a  country, 
choice  may  often  be  made  of  the  points  or  places  for 
crossing  rivers  or  other  similar  obstructions ;  and  as  the 
part  of  a  road  upon  a  bridge  must  be  always  much  more 
costly  than  any  other  part  of  equal  length,  it  may  be 
worth  while  to  go  out  of  the  direct  line  to  places  at 
which  crossings  may  be  best  effected.    It  may  be  assumed 


82  PRACTICAL  TREATISE 

as  a  general  rule  that  the  best  point  upon  a  river  at 
which  to  establish  a  bridge  is  where  the  stream  is  nar- 
rowest, and  where  the  banks  are  raised  enough  to  form 
natural  approaches  and  are  soUd  enough  to  form  natural 
abutments  to   the  bridge:   but  such  rule  is  subject  to 
many  qualifying  exceptions.     Where  a  river  is  narrowest 
it  is  deepest  and  most  rapid,  and  where  the  banks  are 
high   and   consistent   enough  to  form   approaches  and 
abutments   to  a  bridge,  the  water  will  rise  higher  in 
floods  than  at  any  point  lower  down  where  it  may  have 
more  room  laterally.     Unless,  therefore,  the  crossing  can 
be  eflfected  in  one  span,  reach,  or  bay,  so  as  to  avoid  a 
pier  or  piers  in  the  water-way,  it  may  be  less  expensive 
and  more  certain  to  build  a  longer  bridge  over  a  wider 
part,  and  to  form  artificial  approaches  and  abutments, 
than  to  construct  a  sufficient  and  perfect  bridge  where 
nature  has  provided  both  approaches  and  abutments,  and 
where  the  traject  is  shorter.     It  does  not  often  occur, 
moreover,  that  both  banks  of  a  river  are  high  in  the 
same  place ;   and,  again,  where  one  bank  of  a  river  is 
elevated  or  clifF-hke,  and  of  good  consistence,  it  is  very 
likely  to  have  been  the  means  of  reflecting  or  throwing 
the  water  off*  to  act  upon  the  opposite  bank,  and  so  have 
itself  become  the  head  of  a  reach,  or  the  concave  face  of 
a  bend,  where  the  stream  is  very  generally  widest. 

When  circumstances  admit  of  a  bridge  over  a  river 
being  in  one  span  or  reach,  or  of  one  bay,  it  is  com- 
paratively unimportant  whether  it  be  placed  upon  a  bend 
of  the  river  or  not,  if  it  be  so  contrived  as  to  give  suf- 
ficient head-way  for  craft  where  the  channel  is,  or,  in 
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other  words,  where  the  water  is  deepest,  which  in  a  bend 
is  most  frequently  on  the  concave  side.  When  piers 
in  the  water-way  are  determined  to  be  necessary  for  an 
intended  bridge,  the  site  should  be  chosen  where  the 
course  of  the  river  is  straight,  so  that  the  bridge  may  be 
placed  at  right  angles  to  the  thread  of  the  stream,  and 
that  the  piers  may  thereby  intercept  and  divide  the  water 
in  the  least  objectionable  manner.  In  a  running  river 
the  longest  part  of  a  straight  reach  may  be  left  above  the 
bridge  with  advantage,  whilst  in  a  tidal  river  the  bridge 
should  be  placed  in  such  manner  as  to  give  the  stream  at 
both  ebb  and  flow  all  the  advantage  that  can  be  obtained 
from  the  piers  lying  in  the  direction  of  the  currents  ;  and 
where,  as  it  must  be  in  most  cases,  the  down  stream  is 
the  strongest,  and  the  ebb  of  longer  duration,  the  pro- 
portion of  the  reach  above  and  below  a  bridge  should  be 
determined  accordingly. 

Besides  adapting  the  piers  of  a  bridge  to  the  stream,  a 
straight  part  or  reach  of  a  river  has  this  other  important 
advantage, — that  in  such  parts  a  river  presents  the  most 
uniform  section,  and  is  less  liable  to  be  encumbered  with 
shoals,  or  rendered  otherwise  inconvenient  by  deep  pools, 
the  presence  of  which  always  indicates  unequal  or  irregular 
action  in  the  current. 

In  choosing  a  situation  for  a  bridge,  reference  must  be 
had  to  the  ground  upon  which  it  is  to  stand,  both  as  to 
the  abutments  on  the  margins  of  the  river,  and  as  to  the 
piers  which  have  to  stand  in  the  water-way.  Sound  beds 
of  primitive  or  of  horizontally  stratified  rock,  and  well 
compacted  chalk,  are  unexceptionable  as  substrata  for 
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bridge  constructions.  Sound  hard  clayey  gravel,  through 
which  water  will  not  rise  if  tried  with  a  head  equal  to 
what  it  may  be  subjected  to  in  floods,  forms  an  excellent 
base,  and  so  do  hard  and  not  easily  soluble  or  stiflf  clays, 
when  in  beds  of  considerable  depth  or  thickness;  but 
soft  soluble  clays,  loose  sandy  gravel,  and  sand  in  any 
uncombined  state,  and  subject  to  the  action  of  water, 
are  not  to  be  trusted.  It  must,  too,  be  always  borne  in 
mind  that  the  contraction  of  the  water-way  which  a 
bridge  is  almost  certain  to  effect  in  a  greater  or  less 
degree,  tends  to  induce  a  more  severe  action  upon  the 
bed  of  the  river  than  its  substance  can  have  been  an- 
teriorly subjected  to. 

Of  course  facility  of  approach  to  a  bridge  must  not  be 
overlooked  in  selecting  a  site  upon  which  to  build  it ; 
and  it  must  be  held  essential  to  the  goodness  of  a  site 
that  the  approaches  can  be  made  direct  and  easy,  the 
economical  consideration  determining  whether  it  may  be 
better  to  take  up  a  more  difficult  position  for  the  bridge, 
to  obtain  less  expensive  approaches,  or  to  take  up  the 
best  site  for  the  bridge,  and  bestow  whatever  labour  may 
be  requisite  to  make  suitable  approaches  to  it. 

Very  generally,  however,  in  towns  and  cities,  and  for 
the  most  part  throughout  old  settled  countries  and  in 
commercial  districts,  bridges  must  be  built  where  bridges 
are  wanted,  and  a  bridge  must  be  adapted  to  its  site,  be 
the  site  where  and  what  it  may. 

The  situation  of  the  bridge  being  determined  by  choice 
upon  exploration,  or  of  necessity  as  last  intimated,  a 
careful  survey  should  be  made  of  it  and  of  the  proposed 
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line  or  lines  of  approach,  and  of  the  river  over  which 
the  bridge  is  to  be  built,  for  the  whole  length,  at  the 
least,  of  the  reach  upon  which  it  is  to  be  placed,  and 
the  results  of  the  survey  laid  down  as  a  map  or  plan 
presenting  an  ichnographic  outline  or  representation 
upon  a  horizontal  section  of  lines  raised  vertically  from 
every  point  of  the  surface  of  the  ground ;  for  it  must  be 


obvious,  upon  an  inspection  of  the  diagram,  that  a  plan 
of  the  site  from  A  to  B,  laid  down  from  measurements 
made  along  the  bending  line  of  the  surface,  would  give 
a  much  greater  length  than  a  plan  upon  a  horizontal 
section  of  lines  raised  vertically  from  the  surface  of  the 
ground  to  the  straight  and  horizontal  line  AB.  The 
plan  required  is  such  as  this  latter  description  indicates. 
The  irregularities  of  the  ground  must  also  be  represented 
in  diagrams  such  as  the  above,  so  that  in  arranging, 
designing,  and  estimating  the  intended  work,  the  archi- 
tect may  have  the  means  before  him  of  ascertaining  the 
exact  dimensions  yielded  by  the  site  in  every  direction. 
Such  a  diagram  as  the  above  is  termed  a  section,  and 
it  should  show,  in  addition  to  the  irregularities  of  the 
ground,  the  various  substances  of  which  the  ground  is 
composed,  and  the  thickness  vertically  of  each  substance 
as  far  as  the  object  in  view  renders  it  necessary  to 
ascertain    it, —  that  is,   until  a  proper  substance  upon 
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tained  by  boring  witli  a  species  of  auger  made  for  the 
purpose,  the  stem  of  whicli  can  be  pieced  out  to  almost 
any  length,  and  which  brings  up  specimens  of  the  sub- 
stances through  which  it  is  bored.  If  piers  are  to  be 
built  in  the  water-way,  such  an  examination,  or  explo- 
ration rather,  of  the  bed  of  the  river,  caimot  be  made 
with  too  great  care  and  minuteness ;  and  as  facts  are 
ascertained,  they  should  be  carefully  and  instantly  mi- 
nuted and  laid  down  upon  the  section.  Besides  the 
transverse  section  of  the  river,  which  is  the  direction  to 
^ve  the  longitudinal  elevation  of  the  proposed  bridge 
and  its  approaches,  a  longitudinal  section  of  the  river, 
transversely  of  the  bridge,  should  be  taken  to  show  the 
dechvity  of  Its  bed,  and  to  exhibit  any  unsound  strata 
that  may  Ue  near  the  proposed  site  of  the  intended 
work.'  Upon  both  sections  of  the  river,  the  ordinary 
depth  of  water  in  it,  the  highest  level  it  ever  attains,  and 
the  lowest  to  which  it  falls,  should  be  ascertained  and 
recorded.  It  may  be  difficult  at  times  to  determine  the 
height  to  which  occasional  or  unusual  floods  have  raised 
the  waters  of  a  river,  but  it  is  most  important  to  ascertain 
the  whole  truth  in  that  respect,  and  for  the  purpose  of 
arriving  at  it  the  evidence  of  facts  should  be  sought  as 
well  as  that  of  persons  and  of  records.    The  river  should 

'  A  long  pointed  iron  rod  may  be  used  with  advant^e  in  the  general 
examination  of  the  ground,  and  of  the  bed  of  a  river.  The  comparative 
eaae  or  difficulty  with  which  any  rod  may  be  forced  down  into  a  sound 
bed  of  clay  that  may  be  at  hand,  and  into  the  bed  of  a  river,  or  into 
the  ground  on  its  banks,  will  enable  an  observer  to  judge  with  tolerable 
accuracy  of  the  soundness  or  unsoundness  of  the  latter  before  the  pro- 
cess of  boring  is  undertaken. 
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be  traced  upwards ;  and  in  old  countries,  ruins  of  earlier 
works  or  existing  strucfures  on  or  near  the  banks  will  be 
often  found  to  retain  evidence  of  inundations  by  stains, 
or  by  the  adhesion  or  deposit  of  weeds  and  other  drift,  in 
such  manner  as  to  be  easily  recognised  by  the  observant. 
In  new  countries,  trees  and  underwood,  or  brush,  near 
flooding  rivers,  retain  certain  indications  of  the  heights 
to  which  floods  rise  by  the  drift  which  hangs  on  their 
branches,  and  by  the  discoloration  which  intercepted 
scum  and  earthy  matter  that  may  have  been  held  in  sus- 
pension in  the  flood-waters  occasion. 

The  object  sought  in  the  erection  of  a  bridge  is  an 
uninterrupted  road  or  way  over  or  across  a  river  or  other 
obstruction  in  the  most  convenient  manner  and  place  for 
the  traffic  or  uses  of  the  road  or  way,  and  this  must  be 
kept  steadily  in  view,  though  in  seeking  to  attain  it  no 
other  interest  should  be  sacrificed,  and  nothing  done  to 
bar  future  improvement,  nor  should  the  removal  of  one 
obstruction  be  made  productive  of  another.  A  river 
may  not  be  Uable  to  high  floods,  and  it  may  be  a  matter 
of  calculation  that  the  piers  or  other  substructions  of  a 
bridge  built  in  a  certain  manner  and  of  a  certain  extent 
will  not  hold  the  water  up  sufficiently  to  endanger  them, 
but  the  water  may  nevertheless  be  dammed  up  in  such 
manner  as  to  interfere  with  the  proper  drainage  of  the 
land,  even  if  low  lands  are  not  directly  flooded  by  the 
waters  of  the  river  breaking  in  upon  them.  Again,  a 
river  may  not  be  itself  navigable,  but  it  may  be  suscep- 
tible of  being  made  so,  or  of  being  connected  with  an 
artificial  navigable  water-way  ;  and  care  should  be  taken. 
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therefore,  in  aiming  at  the  primary  object  of  a  bridge,  not 
to  erect  what  may  be  a  bar  to  flie  establishment  of  an 
efficient  way  for  commerce  in  another  direction. 

The  approaches  of  an  ordinary  road-bridge,  and  the 
road- way  upon  it,  may  be  adapted  to  the  roads  which 
it  connects ;  for  although  it  is  desirable  that  the  rise 
and  fall  upon  a  bridge  within  a  town  should  be  as 
easy  as  possible, — and  ease  in  that  respect  may  properly 
be  sought,  even  at  considerably  enhanced  expense  in 
such  a  case, — it  is  not  worth  while  to  incur  great  ex- 
pense to  make  the  approaches  to  and  the  road-way 
upon  a  road-bridge  easier  in  its  inclination  than  that 
which  the  face  of  the  country  compels  the  adjacent 
and  connected  roads  to  assume,  since  carriages  must 
be  supplied  with  power  of  draught  sufficient  for  the 
steepest  inclinations  of  the  roads,  and  the  bridge  may, 
without  economical  impropriety,  present  the  average 
inclination  of  the  roads  which  must  be  worked  over 
to  and  from  it. 

The  materials  and  the  design^  of  a  bridge  are,  of 
necessity,  most  intimately  connected;  and  both,  as  be- 
fore intimated,  must  be  greatly  influenced  by  the  means 
at  the  disposal  of  the  architect,  and  by  the  duty  to  be 
performed. 

Bridges  whose  main  constituent  is  iron  are  built  to  a 
great  extent  in  England,  because  in  this  country  iron 

'^  By  design  or  a  design  is  intended,  not  the  mere  elevation  of  the 
faces  of  a  bridge,  but  the  arrangement  and  distribution  of  the  whole 
work  in  its  constructive  details,  and  in  its  adaptation  to  the  oflSce  to  be 
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is  comparatively  cheap,  and  the  mechanical  means  re- 
quired for  its  fashioning  and  fixing  are  easy  of  attain- 
ment; whilst  the  aim  in  most  new  countries  must  be, 
as  it  is  indeed  in  many  old  ones,  to  make  timber  answer 
the  same  purpose,  and  to  connect  it  in  bridge  construc- 
tions with  the  smallest  possible  quantity  of  iron. 

All  bridges,  however,  whatever  may  be  their  main 
constituent,  and  in  what  manner  soever  they  may  be 
formed  or  constructed,  should  bear  upon  masonry  sub- 
structions, if  permanence  be  desired ;  and  in  the  absence 
of  stone,  brick-work  at  least  should  be  used  for  piers 
and  abutments.  Piles  of  timber  must  be  consented  to, 
nevertheless,  when  better  materials  and  the  means  of 
procuring  and  employing  them  are  wanting.  In  very 
many  cases  a  bridge  must  be  utterly  denied,  unless 
both  piles  and  abutments  of  timber  be  admitted,  and 
it  will  then  be  the  duty  of  the  architect  to  render 
the  material  at  his  disposal  as  rigid  as  possible  by 
framing,  bracing,  and  otherwise  combining  and  fixing, 
and  to  protect  it  to  the  greatest  practicable  degree  from 
causes  of  decay.  This  may  be  said  indeed  in  favour 
of  piles  in  a  water-way,  that  they  give  the  resistance 
required  in  bearing  piles  or  piers  with  less  substance 
than  piers  of  masonry  or  brick- work  involve,  and  conse- 
quently act  less  injuriously  upon  the  current. 

A  bridge  of  timber,  of  which  the  supports  are  piles 
driven  into  the  banks  and  into  the  bed  of  a  river,  at 
short  intervals,  their  heads  tenoned  into  beams  laid 
transversely,  or  connected  by  half  timbers  in  like  man- 
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timbers  laid  longitudinally  upon  the  heads  of  the  piles 
as  brestsummers,  and  these  covered  with  planks  stout 
enough  to  bear  across  and  to  support  the  weight  of 
the  traffic,  whatever  it  may  be,  is  a  simple  and  com- 
paratively inartificial  work,  and  one  that  admits  of  no 
great  variety  in  design;  sufficient  strength  in  the  tim- 
bers, and  security  in  connecting  the  various  pieces 
together,  being  all  that  is  obviously  necessary :  but  there 
may  be  a  very  great  difference  in  the  cost  and  power 
of  endurance  of  such  a  construction,  according  to  the 
mode  of  combining  and  connecting  the  work.  Without 
skill,  a  bridge  of  the  kind  alluded  to  would  consume 
a  large  proportionate  quantity  of  iron  in  straps  and 
bolts,  whereas  such  a  work  might  be  put  together  with 
greater  efficiency  almost  without  iron-work  at  all.  The 
same  remark  may  be  applied  to  all  constructions  of 
timber,  but  to  none  perhaps  with  greater  truth  and 
effisct  than  to  timber  bridges. 

From  simply  bridging  with  timbers  from  pUe  to  pile 
across  a  water-way  by  transverse  strain  upon  the  timber, 
through  the  varieties  of  arrangement  and  combination 
of  which  timber  is  susceptible  untU  it  is  hardly  exposed 
to  transverse  strain  at  all,  the  extent  to  which  design 
may  and  must  be  varied  is  very  great.  The  beam  or 
brestsummer  bearing  from  pile  to  pile  may  be  strengthened 
by  means  of  corbelling  pieces ;  the  same  results  may  be 
retained  with  a  lengthened  bearing  by  means  of  trussing, 
which  may  be  done  in  many  and  various  modes,  none  of 
which,  however,  exert,  or  should  exert,  any  thrust  upon 
the  bearing  points,  and  consequently  simple  brestsummer 
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bearings,  corbelled  brestsummers,  and  trussed  brest- 
suinmers,  require  nothing  to  abut  against,  or  as  abut- 
ments ; — all  such  combinations  require  merely  props  or 
supports  as  piles  or  piers.  The  American  latticed 
bridge  is  in  effect  a  system  of  longitudinal  bearing 
beams  or  brestsummers,  the  beams  having  the  depth 
necessary  to  long  bearings  given  them  in  such  manner 
as  to  reUeve  the  pieces  of  which  they  are  composed 
of  transverse  strain,  whilst  the  bearing  of  the  artificial 
beam  is  vertical  and  without  extraneous  thrust.  With 
simple  bearings,  however,  as  in  the  preceding  combina- 
tions, as  the  strength  is  increased,  or  the  bay  extended, 
the  head- way  must  be  occupied,  or  the  trussed,  or 
latticed  beam  must  rise  above  the  floor  and  Umit  the 
width  of  the  road- way  or  divide  it,  or  render  artificial 
strength  necessary  to  the  transverse  beams  or  girders. 
Struts  and  straining  beams  under  longitudinal  bearing 
beams  or  brestsummers  to  strengthen  them,  are  but  a 
rude  approach  to  an  arch  with  timber,  and  like  an  arch 
they  exert  a  lateral  thrust,  and  require  abutments  or 
points  of  sufiicient  resistance  where  the  system  of  which 
they  form  a  part  terminates,  as  at  the  two  ends  of  a 
bridge.  Ramified  combinations  of  the  strut  and  strain- 
ing beam  by  bolting  up  or  trenail  pinning,  and  other- 
wise connecting  short  pieces  of  timber  in  thicknesses, 
produce  ribs  possessing  many  of  the  qualities  of  an  arch, 
and  susceptible  of  being  treated  as  arches  according  to 
their  flexure  and  form.  With  these,  abutments  are  of 
course  essential,  though  in  truth  most  combinations  of 
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iU"  loss  degree  to  the  effect  of  a  deep  beam  variously 
ikt  rutted  and  trussed,  how  much  soever  the  effect  of  an 
lurhed  construction  maybe  incorporated.  Messrs.  Ghreen's 
bridges  in  the  Une  of  the  Newcastle,  North  Shields,  and 
Tynemouth  Railway  (see  Plates  11,  12,  13,  14,  and  15) 
rely  more  upon  the  effect  of  the  arch  in  bearing  across 
than  any  other  timber  bridge  extant;  but  even  these 
bearings  have  much  in  them  of  the  deep  beam,  which 
seems  to  involve  the  true  basis  for  timber  bridge  construc- 
tions, although  they  may  embody  that  of  the  arch  also. 

When  arched  ribs  of  timber,  whether  bolted  up  or 
trenail-pinned  in  thicknesses,  or  shaped  and  put  together 
with  abutting  joints,  are  placed  under  a  road-way,  the 
load  of  the  road-way  and  of  the  traffic  upon  it  must 
be  distributed  as  equably  as  possible  by  means  of  struts 
and  braces,  and  through  the  intervention  of  a  continued 
beam  as  a  curb  or  discharging  beam  over  every  rib ;  and 
when  ribs, — which  then  must  be  of  the  former  class  only, 
— are  raised  above  the  line  of  the  road-way  in  the  manner 
referred  to  for  deep  trusses  or  latticed  bearing  beams, — 

exacting  also  strong  transverse  beams,  which,  with  the 

* 

road- way,  are  to  be  suspended  in  the  usual  mode  by 
means  of  iron  rods, — the  line  of  the  road-way  should, 
through  a  curb  or  by  other  ties  continued  longitudinally, 
be  made  to  tie  or  string  the  bow  which  a  rib  forms,  and 
be  strutted  down  from  the  rib  as  well  as  hung  up  to  it. 

The  celebrated  timber  bridge  over  the  Rhine  at  Schaff- 
hausen  combined  in  itself  almost  all  the  varieties  of 
which  timber  is  susceptible  to  give  strength  and  rigidity 
in  long  bearings ;  and  such  was  the  effect  with  which  the 
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scarfing,  trassing,  strutting,  bracing,  bolting  up,  and 
suspending  were  applied  in  that  work,  that,  according  to 
the  opinion  of  Mr.  Telford,  expressed  in  the  Edinburgh 
Encyclopaedia,  if  this  bridge  had  been  formed  in  a  straight 
line  between  the  abutments  (364  feet),  he  could  see  no 
reason  why  the  construction  should  not  have  carried 
all  that  need  have  been  required  of  it  without  any  inter- 
vening support. 

But  it  is  not  only  skill  to  give  strength  that  the 
design  of  a  timber  bridge  requires, — it  demands  also 
protection  from  the  weather ;  and  this  demand,  when  it 
is  responded  to,  seems  quite  to  destroy  all  pretence  to 
elegance  and  agreeableness  of  effect.  The  roofed  bridge 
at  Schaffhausen  must  have  been  a  heavy  and  unsightly 
object,  but  it  was  really  not  inelegant  in  comparison  with 
the  American  enclosed  and  covered  timber  bridges,^ 
which  are,  moreover,  rendered  absolutely  monstrous  by 
the  puerile  attempts  generally  made  to  imitate  upon 
them  the  appearances  of  constructions  of  masonry  under 
circumstances  which  render  such  appearances  both  ugly 
and  absurd.  The  bridge  over  the  Delaware  at  Trenton 
seems  to  present  a  favourable  exception  to  the  ordinary 
practice  in  the  United  States  in  this  respect ;  but  even 
in  that  work  the  roof  coverings  to  the  curved  ribs  are 
run  up  to  a  point  to  deform  it,  without  any  apparent 
necessity.  The  design  in  this  case  might  be  greatly  im- 
proved, and   rendered  indeed  in  a  great  degree  unob- 

^  The  boxed-up  American  bridges  convey  an  idea  of  coflSn  cases  for 
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jectionable,  by  adapting  the  roof  covering  to  the  form 
of  the  backs  of  the  ribs, — and  zinc  or  other  cheap  metal 
plates  would  give  a  ready  and  economical  means  of  doing 
this, — and  by  raising  the  ridge  of  the  roof  over  the  span- 
drels to  the  highest  level  the  ribs  attain.  When  the 
bearing  parts  of  the  construction  are  entirely  below  the 
floor  of  the  road-way,  as  in  the  case  of  the  bridges  before 
alluded  to  upon  the  Newcastle,  North  Shields,  and  Tyne- 
mouth  Railway,  the  floor  itself  may  be  made  to  give,  in 
a  very  great  degree,  protection  from  the  weather  to  the 
main  works.  When  the  floor  is  longitudinally  level  it 
may  be  shghtly  draughted  to  the  sides  transversely,  and 
being  caulked  with  oakum  and  payed  with  adhesive 
bituminous  substances  (easily  and  cheaply  renewable 
processes),  and  catch-water  gutters  and  drains,  with 
trunks  from  them,  being  formed  and  placed  to  lead  the 
water  down,  roofing  and  casing  may  be  dispensed  with. 

The  decay  of  timber  in  bridge  piles, — that  is,  in  the 
piles  which  run  through  and  act  as  piers  do  in  masonry, — 
is  most  rapid  between  wind  and  water,  or  in  that  portion 
of  the  length  of  the  piles  that  is  neither  always  in  water 
nor  always  in  air,  but  alternately  wet  and  dry,  whether 
by  the  rise  and  fall  of  the  tide,  by  the  diflference  in 
height  of  summer  and  winter  water  where  there  is  no 
tide,  or  by  the  splashing  of  the  water  by  the  action 
of  the  wind  or  by  the  run  of  currents.  Where  per- 
manence  in  the  work  is  aimed  at,  it  is,  therefore,  de- 
sirable to  make  provision  for  withdrawing  piles  as  they 
become  insecure,  and  of  substituting  others  in  their 
places ;  though  in  the  first  place  every  thing  should  be 
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done  that  can  be  done  to  protect  the  timber  from  the 
injurious  influence  of  the  action  alluded  to,  and  so 
prevent  decay  as  far  as  possible,  or  the  trouble  and 
expense  of  constant  repairs  may  soon  deprive  the  piles  of 
their  almost  only  advantage  over  piers  of  masonry.  It 
has  been  proposed  to  drive  piles,  and  to  cut  them  off 
when  driven  at  some  distance  below  the  lowest  water 
level,  and  forming  tenons  on  their  heads  to  frame  upon 
them  large  transverse  timbers  which  may  act  as  sub- 
transoms  or  sills,  into  which  the  bearing  piles  of  the 
bridge  may  be  stepped,  and  to  which  they  may  be 
secured  until  decay  shall  have  rendered  them  unfit  for 
duty,  when  the  attachments  may  be  withdrawn  and  the 
piles  Uberated  to  make  way  for  sound  ones.  This  must 
be  at  best  but  an  insecure  mode  of  founding  a  bridge, 
and  would  require  to  be  aided  by  outworks,  as  cut- 
waters of  driven  piles,  to  and  from  which  the  bridge 
might  be  braced  and  strutted. 

The  injurious  consequences  to  timber  from  the  alter- 
nation of  wet  and  dry  render  it  imperative  that  in 
the  design  of  a  timber  bridge  the  heels  and  springings 
of  any  ribs  that  may  be  used  as  arches  should  be  kept 
above  the  level  at  which  the  tides,  floods,  or  other  occa- 
sion may  raise  the  water  over  which  it  is  to  be  placed ; 
and,  independently  of  decay,  it  is  most  important  that 
the  bearing  constructions  or  upper  works  of  a  timber 
bridge  should  be  above  the  possibility  of  being  reached 
by  the  water,  because,  how  mischievous  soever  flood- 
waters  may  become  to  a  bridge  of  masonry  or  brick- work, 
such  an  one  has  a  certain   power  of  resistance  upon 
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immrasion,  from  the  wei^t  and  mass  of  the  substances 
of  which  they  are  composed ;  but  timber  being  not  only 
light,  but  for  the  most  part  specifically  lighter  than 
water,  the  upper  works  of  a  wooden  bridge  may  be 
floated  if  not  swept  away^  when  a  bridge  of  bridi  or 
stone  might  remain  compaimvely  uninjured. 

The  support  and  bearing,  both  as  to  strength  and  du- 
rabiUty,  being  provided  for,  power  of  resistance  to  the 
force  of  the  currents  must  obtain  attention.    Piles  should 
be  driven  in  advance  of  the  bearing  piles  to  break  the 
force  of  the  stream  or  to  turn  masses  of  ice,  and  the 
piles  should  be  all  braced  by  diagonal,  and  connected  by 
waUng,  pieces,  which  latter  may  serve  as  fenders  also  to 
protect  the  piles.     The  ribs  or  beams  which  carry  the 
road-way  must  be  well  and  thoroughly  braced  to  with- 
stand with  more  effect  the  action  of  the  wind,  and  to 
check  vibration  whether  from  wind  or  from  the  passage  of 
carriages.     Where  the  bridge  is  narrow,  and  the  span  or 
bay  wide,  bracing  within  the  width  of  the  bridge  may 
not  be  enough  ;  and  as  cut- water  piles  may  be  generaDy 
carried  out  as  far  as  can  be  desired  without  materiallv 
increasing  the  injurious  effect  of  an  obstruction  upon  the 
current  of  water,  and  the  transverse  beams  may  be  run 
out  in  like  manner  without  inconvenience,  efficient  means 
of  strutting  and  bracing  against  the  action  of  the  wind 
mav  be  thus  obtained. 

The  principles  which  govern  a  bridge  of  carpentr)*  are 
those  upon  which  an  erected  bridge  of  iron  must  be 
composed.  Iron  bearing  piles  seem  to  have  been  con- 
sidered nearly  if  not  quite  out  of  the  question ;  and  as 
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that  metal  when  cast  is  brittle,  and  cast-iron  piles  are 
Uable,  therefore,  to  be  broken  in  driving,  and  to  be  frac- 
tured by  severe  blows  afterwards  if  they  escape  in  driving, 
and  cast  being  the  only  condition  in  which  iron  could  be 
economically  used  at  all,  it  m^y  be  thought  hardly  worth 
entering,  into  any  disquisitlcm  upon  its  use  in  piles. 
There  may  be  circumstances  and  occasions,  nevertheless, 
demanding  a  system  of  bearing  piles  which  shall  possess 
greater  powers  of  resistance  to  external  actions,  and  be 
more  durable  than  timber  alone  can  be  rendered.  Iron 
piles  may  be  cast  in  lengths,  and  hollow  to  receive  a 
whole  length  pile  of  timber  as  a  core,  the  metal  casing 
having  spigot  and  faucet  ends  to  make  joint  for  the  ex- 
clusion of  the  water,  and  having  also  all  necessary  cups, 
bosses,  and  flanges,  for  stepping,  abutting,  and  bolting 
up  the  braces  and  struts,  and  to  which  to  secure  waling- 
pieces  and  fenders,  which  last  should,  perhaps,  be  of 
timber  in  any  case  for  the  sake  of  craft  navigating  the 
waters,  and  to  break  a  blow  and  modify  its  action  upon 
the  more  rigid  pile  by  the  softer  and  more  elastic  texture 
of  the  fender. 

In  many  shallow  mountain  streams,  which  become 
torrents,  and  by  sweUing  render  it  necessary  to  extend  a 
bridge  so  as  to  carry  it  beyond  a  single  bearing  or  bay, 
and  where  piers  of  masonry  or  brick- work  would  be  inse- 
cure in  themselves,  or  operate  otherwise  injuriously  from 
the  mass  they  must  offer  in  their  own  bulk,  such  a 
system  of  timber-cored  iron  piles  as  that  above  suggested 
might  prove  advantageous.  Indeed,  the  bed  being  in 
most  such  cases  rock,  or  rocky,  and  so  that  piles  could 
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not  be  driven  with  effect,  the  piles  might  be  stepped  into 
the  rock  upon  dead  or  squared  ends ;  or  sleepers  might 
be  let  down,  w^here  the  stratum  is  broken,  to  a  well  com- 
pacted bed,  and  the  piles  stepped  into  them.  Where 
piles  of  timber  are  liable  to  be  attacked  and  rapidly 
destroyed  by  insects,  it  may  also  be  worth  while  to 
adopt  some  such  system  of  cored  iron  piling,  though 
it  must  not  be  overlooked  that  there  are  influences  to 
which  the  metal  itself  will  succumb  much  more  rapidly 
than  the  naked  timber. 

If  circumstances  render  it  absolutely  necessary  that 
the  abutments  of  a  bridge  be  formed  of  pihng,  such 
abutments  should  be  coffered,  and  the  coffers  waled, 
braced  and  tied  across  most  securely,  and  packed  with 
concrete,  or  with  chalk  rubble  rammed  down  to  such  a 
degree  of  compactness  that  the  water  may  not  penetrate 
the  mass.  The  work  should  be  made  in  this  manner, 
of  substance  and  strength  sufficient  to  resist  and  hold 
up  against  whatever  thrust  it  may  be  liable  to  receive 
from  the  bridge,  or  pressure  from  the  embanked  ap- 
proaches, to  the  effect  that  the  abutments  shall  hold  the 
bridge  independent  of  the  weight  of  earth  against  it  on 
one  side,  and  that  the  embankment,  in  like  manner, 
shall  not  require  support  from  the  bridge  through  the 
abutments.  This  is  equally  applicable,  however,  to 
bridge  abutments  of  all  kinds  and  under  all  circum- 
stances ; — they  should  be  always  of  sufficient  strength  to 
hold  the  bridge  and  the  embanked  approaches  to  it 
entirely  independent  of  one  another. 

Cast-iron  bearing  bridge  constructions,  again,  must  be 
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considered  as  partaking  more  of  the  beam  than  of  the 
arch,  though  much  valuable  assistance  may  be  derived 
with  iron,  as  with  timber,  from  the  power  of  applying 
this  material  in  the  arched  form,  and  indeed  many 
important  works  have  been  executed  in  w^hich  the 
properties  of  the  arch  have  been  calculated  upon  almost 
exclusively.  Nevertheless  it  will  be  found  upon  analysis 
of  the  design  of  almost  all  iron  bridges,  that  the  bearing 
is  secured  by  the  approximation  made  to  the  beam, 
although  the  resistance  to  compression  has  been  carried 
through  an  arched  form.  The  metal  plates  forming  the 
parts  of  the  presumed  arch  are,  and  must  be,  bolted 
up  and  so  connected  as  to  make  a  beam  more  or  less 
cambered,  and  this  is  stronger  or  weaker  according  to 
the  greater  or  less  effect  with  which  the  spandrels  are 
filled  in  and  secured  to  the  ribs  and  curb  plates,  and 
the  trussing  of  the  beam  provided  for  through  the  latter : 
indeed,  the  best  and  most  consistent  iron  bridges, — and 
the  same  may  be  said  of  timber  bridges, — are  those  in 
which  the  work  is  so  combined  that  the  bearing  might  be 
trusted  even  without  lateral  abutments.  The  rib  sus- 
pension bridge,  whether  the  ribs  be  of  timber  or  iron, 
is  always  supplied  with  the  means  of  giving  a  tie,  in  the 
manner  of  a  string  to  a  bow,  in  the  construction  of  the 
suspended  floor ;  and  the  propriety,  if  not  absolute  ne- 
cessity, of  this  should  not  be  overlooked  in  the  design  for 
a  work  upon  that  plan. 

Mr.  Telford  has  conceded  the  credit  of  introducing 
iron  as  the  main  constituent  of  a  bridge  to  Mr.  Thomas 
Farnolls  Pritchard,  of  Shrewsbury,  who  appears,  from 
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Mr.  Telford's  Report  upon  an  inspection  of  original 
documents,  and  from  Memoirs  published  in  the  Philo- 
sophical Magazine,*  to  have  proposed  the  use  of  iron  in 
bridge  constructions  in  the  year  1775.  Mr.  Pritchard's 
earliest  proposition  upon  the  subject  was  to  set  up  cast- 
iron  ribs  to  act  as  a  fixed  or  permanent  centre  to  a  back 
arch  of  masonry.  The  drawing  of  this  bears  date  1774, 
and  the  next,  which  was  for  a  bridge  of  cast-iron  between 
Madeley  and  Broseley  in  Shropshire,  is  dated,  as  above, 
1775.  The  design  for  this  latter  seems  to  exhibit  the 
germ  if  not  the  substance  of  all  that  has  been  done  since. 
It  exhibits  a  deep  beam  hollowed  out  to  the  general  form 
of  an  arch-way  and  pierced  in  the  spandrels,  but  in  such 
a  manner  as  to  preserve  a  perfect  connexion  between  the 
back  of  the  beam  and  its  lower  face  or  soffit.  One  peculi- 
arity in  the  design  of  the  iron-work  shows  cleariy ,  however, 
that  the  author's  idea  was  to  give  the  effect  of  an  arch, 
by  the  combination  he  has  introduced  of  arcs  of  varying 
radius,  as  in  the  inner  and  outer  arches  of  Perronet's 
Neuilly  bridge,  which  was  at  the  time  in  course  of  execu- 
tion. Mr.  Pritchard's  next  published  design  is  that  of 
the  bridge  over  Coalbrook  Dale,  the  first  bridge  erected 
with  cast-iron  bearing  or  bridging  constructions  on  the 
principle  of  compression,  and  the  first  work  approaching 
the  same  degree  of  magnitude, — the  opening  spanned 
being  100  feet, — that  had  ever  been  executed  in  metal  at 
all.  This  work  illustrates  the  impropriety  of  imposing 
upon  comparatively  thin  metal  plates  or  ribs,  in  arches. 
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the  various  pressures  to  which  arched  constructions  of  un- 
yielding substances  placed  in  the  mass,  with  their  lateral 
faces  and  beds  in  close  contact  throughout  the  whole 
extent  of  the  bearing,  are  safely  enough  submitted. 
It  is  true  that  the  defect  which  showed  itself  was 
altogether  independent  of  the  iron  bearing  constructions, 
since  it  arose  from  the  abutments  being  allowed  to  press 
upon  them ;  but  the  abutments  could  not  have  been 
allowed  to  press  upon  the  ribs,  had  it  not  been  supposed 
that  the  arched  form  conferred  upon  them  a  power  of 
resistance  which  the  metal  plates  were  not  capable  of 
exercising. 

With  reference  to  this  example,  though  not,  it  is 
contended,  for  the  true  causes  of  the  objection  he  states, 
Mr.  Telford  composed  his  first  iron  bridge  with  a  com- 
bination of  the  arch-formed  rib  and  of  the  cambered 
beam,  introducing,  as  he  truly  remarks,  more  of  the 
principle  of  timber  trussing  than  of  masonry ;  and  this 
principle  should  be  at  least  incorporated  in  forming  the 
design  of  the  upper  works  of  a  cast-iron  bearing  bridge,* 
though  the  arched  form  of  construction  be  that  to  which 
the  work  may  have  the  greatest  apparent  tendency. 

The  bowed  or  arch-formed  iron  rib  applied  to  the 
suspension  of  a  road- way  which  is  maHp  ^-  '' 
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the  bow  in  such  a  manner 
as  to  reUeve  the  abutments 
of  their  thrust  in  some  de- 
gree, is  one  of  the  least  ob- 
jectionable modes  in  which 
iron  can  be  applied  in  con- 
struction, with  reference  to 
its  Uability  to  expand  and 
contract ;  and  the  manner  of 
construction  here  indicated 
involves  one  of  the  least  ex- 
pensive modes  in  which  the 
metal  can  be  used  for  wide 
spans  and  low  head-way  un- 
derneath, whilst  it  gives  a 
more  finn  and  rigid  road- 
way than  any  mode  of  sus- 
pension from  chains  has  yet 
been  made  to  yield ;  though 
it  is  true  that  no  just  com- 
parison can  be  mstituted  be- 
tween the  extent  that  has  been 
spanned  by  the  one  and  by 
the  other  mode.  Notwith- 
standing tlie  tie  that  may  be 
obtained  from  the  road-way 
to  the  raised  and  fixed  rib  sus- 
pending it,  such  a  construc- 
tion must  not  be  treated  as  a 
mere  beam,  but  it  must  have 
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abutments,  from  which  to  spring  the  ribs,  of  sufficient 
power  of  resistance  to  compel  the  expansion  of  the  metal 
to  act  upwards  and  so  to  raise  the  road-way  as  much 
as  the  expansion  of  the  ribs  may  exact ;  and  this  will 
be  found  to  give  the  means  of  compensating  also  the 
expansion  of  the  metal  upon  the  Hne  of  horizontal  tie, 
under  or  upon  the  road-way, — that  is,  if  the  metal  in 
the  one  and  in  the  other  is  w^ell  balanced  with  reference 
to  that  effect.  The  planking  for  the  floor  of  a  suspension 
bridge  being  of  timber  for  the  most  part,  it  is  adapted 
better  to  submit  to  vibratory  or  oscillatory  action  than  if 
the  basis  of  the  floor  were  of  metal ;  but  with  the  fixed 
rib  any  provision  to  this  effect  ought  to  be  unnecessary 
except  for  economy.  A  combination  of  timber  and  iron 
upon  this  principle  might,  however,  be  carried  to  some 
extent  with  considerable  advantage  in  an  economical 
point  of  view.  Bolted  up  or  trenail-pinned  ribs  of  timber 
might  be  backed  or  capped  with  iron  plates  having 
rabbeted  heading  joints,  and  slotted  holes  for  the  sus- 
pension rods  made  through  bosses  which  should  be 
capped  by  the  heads  of  the  rods,  and  cast  metal 
springing  or  heel  plates  would  obviate  the  difficulty 
generally  found  in  giving  an  efficient  step  for  the  heels 
of  timber  ribs,  and  so  as  to  carry  their  thrust  down  to, 
and  well  to  distribute  it  across  the  face  of  masonry 
abutments.  Care  must  be  taken  at  the  same  time  to 
prevent  water  from  running  down  the  ribs  into  the 
cups  in  which  the  heels  are  thus  stepped,  or  the  result 
would  be  the  rapid  decomposition  of  the  timber  in  those 
parts,  and  the  destruction  of  the  bridge,  how  wxll  soever 
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the  work  may  be  capped,  caulked,  payed,  or  otherwise 
protected  in  all  other  places. 

The  flexible  suspension  bridge,  as  contradistinguished 
from  that  class  of  suspension  bridge  in  which  the  road- 
way depends  from  and  hangs  upon  a  rig;id  line  or  rigid 
lines  of  wood  or  iron ,  as  in  works  of  the  kind  last  referred 
to,  requires  a  different  mode  of  treatment  in  the  design 
of  all  the  primary  parts  as  well  as  in  the  bearing  over  or 
across  of  the  road-way.  Flexible  suspension  bridges,  or 
road-ways  suspended  from  flexible  lines,  will  be  adopted 
only  as  temporary  expedients,  or  in  cases  where  the 
space  to  be  carried  over  is  greater  than  can,  economi- 
cally speaking,  be  effected  with  rigid  erections.  A  sus- 
pension bridge  may  be  readily  and  cheaply  established  as 
a  temporary  expedient  with  considerable  advantage  in 
most  new  countries,  and  various  substances  may  be 
employed  to  form  the  ropes  or  cords  from  which  to 
suspend  a  platform  for  a  road-way.  Long  and  flexible 
twigs,  possessing  many  of  the  qualities  of  the  ratan, 
and  the  ratan  itself,  may  be  put  together  in  chains 
like  wrought-iron  rods,  but  with  lashed  instead  of 
welded  eyes ;  many  trees  and  shrubs  afford  a  strong 
fibrous  bark  capable  of  being  twisted  up  into  a  rope, — 
the  currajong  of  the  Australian  woods  is  an  example 
of  this, — some  fruits  yield  a  strong  elastic  fibre,  as  the 
cocoa-nut,  from  which  the  well  known  Indian  coir  rope 
is  made ;  and  rope  once  made  may  be  readily  manu- 
factured into  cables  of  any  degree  of  strength  required, 
whether  the  ropes  be  composed  of  vegetable  fibre  or  of 
animal  tissue,  as  ox-hide.     The  strength  that  may  be  ne- 
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cessaiy  for  the  loads  to  be  passed  over  a  required  bridge 
can  be  easily  ascertained,  and  the  make-shift  cables  may 
be  put  to  the  proof  by  suspending  three  or  four  times 
the  weight  to  be  carried,  including  of  course  the  road- 
way and  its  attachments,  upon  dry  ground.  Indeed  it 
is  desirable  at  all  times,  when  the  materials  to  be  used 
are  novel,  that  proof  should  be  made  in  every  way  by 
fitting  up  and  testing  the  works  of  an  intended  bridge 
under  circumstances  which  may  render  default  on  their 
part  productive  of  no  serious  mischief;  and  this  is  more 
particularly  necessary  in  the  case  of  materials,  such  as 
ropes  and  cables,  which  are  acted  upon  by  tension,  and 
whose  strength  depends  upon  circumstances  beyond  any 
calculation  except  what  may  be  made  from  actual  ex- 
periments. Such  experiments  must  also  be  easy,  for 
wherever  the  means  exist  of  forming  a  suspension  bridge 
at  all,  the  means  must  be  forthcoming  of  propping  the 
cables,  whether  it  be  standing  trees,  trestles,  or  piers 
raised  of  stone  or  brick  for  the  purpose,  whilst  trees, 
rocks,  or  other  natural  substances  upon  or  near  to  the 
surface  of  the  ground,  or,  in  their  absence,  stiff  stakes 
as  piles  driven  into  the  ground,  will  give  the  means  of 
securing  the  ends  of  the  cables  to  counterbalance  the 
road-way  and  its  load. 

In  designing  a  suspension  bridge  to  be  executed  ex- 
tempore with  such  materials  as  may  be  at  hand  or  easily 
obtainable,  experiment  having  determined  the  quantity, 
substance,  or  bulk  of  the  main  constituent  requisitp  *-- 
carry  over  the  required  space,  recon^^- 
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props  should  be  placed  with  reference  to  the  distance 
between  them,  and  the  positions  of  the  moorings  for 
the  ends  of  the  cables  behind  them,  their  true  places 
being  where  they  bisect  equally  the  angle  formed  by  the 
cables  of  suspension  when  loaded.  As  both  the  moorings 
and  the  props  are  all-important  in  such  a  matter,  if  the 
locahty  proposed  for  a  bridge  should  furnish  peculiar 
facilities  for  either,  it  may  be  worth  while  to  take  up 
positions  for  the  others  that  would  not  be  chosen  but 
for  such  facihties.  Except  for  the  most  temporary  pur- 
poses, however,  no  moorings  should  be  adopted  wliich, 
from  tlieir  position  or  otherwise,  do  not  permit  access  to 
the  attachments  of  the  cables,  and  the  means  of  keeping 
them  dry  and  in  air ;  and  it  is  obvious  that  no  positioa 
should  be  taken  up  for  the  props,  in  which  they  would 
not  be,  or  could  not  be  rendered,  perfectly  free  from 
danger  from  floods  or  otherwise,  whatever  they  may  con- 
sist of,  or  in  whatever  manner  they  may  be  erected. 

Iron  is  used  in  the  form  of  wire,  which  is  made  into 
cables  of  the  sizes  and  strength,  and  of  the  whole  length 
required,  and  it  is  wrought  into  links,  bars,  plr^es,  bolts, 
and  couplings  of  various  forms  and  arrangements,  and 
these,  or  some  of  them,  arc  put  together  to  form  chains 
of  the  length  required,  whilst  the  requisite  strength  is 
generally  obtained  by  multiplying  chains  in  the  bearing. 

The  great  desideratum  in  all  structures, — rigidity,^ 
or  what  workmen  know  by  the  term  stiffness,  has  not  yet 
been  attained  in  chain  suspension  bridges, — that  is,  in 
the  part  of  a  bridge  for  which  alone  the  other  parts  are 
made,— the  road-way ;  and  it  is  a  moot  point  how  this 
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quality  is  to  be  secured.^  It  must  be  aimed  at,  however, 
in  every  design,  and  its  attainment  may  be  considered 
of  even  greater  importance  than  the  protection  of  the 
materials  from  decay,  for  these  can  be  repaired  and  re- 
stored as  occasion  may  require ;  but  in  the  absence  of 
sufficient  stiffiiess  to  secure  it  against  the  action  of  tem- 
pests, the  road-way  of  a  suspension  bridge  is  exposed  to 
almost  sudden  destruction,  or  to  damage  beyond  the  pos- 
sibility of  repair  short  of  re-construction.  The  serious 
alterations  in  length,  which  variations  of  temperature 
occasion  in  long  metal  rods  and  chains,  and  which  are 
constantly  taking  place,  seem  to  render  it  quite  impos- 
sible to  make  perfectly  rigid  a  road-way  that  is  suspended 
by  rods  from  chains,  but  much  may  be  done  by  hori- 
zontal and  vertical  bracing  both  above  and  below  the 
road-way  itself,  and  by  guy  rods  and  chains  to  keep  it 
steadily  horizontal ;  in  which  condition,  or  position  rather, 
it  must  be  least  exposed  to  be  acted  upon  with  injurious 
effect  by  the  wind.  There  is  great  reason  to  believe, 
however,  that  the  road-way  receives  its  first  impulse  to 
motion  from  the  chains  themselves,  in  cases  of  the  kind 
alluded  to;  so  that  the  first  step  towards  diminishing 
the  influence  of  the  wind  upon  a  chain  bridge  seems  to 

•  Mr.  Rendel  has  recently  re-constructed  the  road-way  of  the 
Montrose  chain  suspension  bridge  almost  wholly  of  timber,  and  has 
succeeded  in  giving  to  it  a  great  degree  of  stiffness  by  a  judicious 
combination  of  framing  and  bracing  within  the  floor  itself,  and  inde- 
pendently of  the  rods  and  chains  by  and  from  which  it  is  suspended ; 
but  the  advantage  appears  to  be  obtained  in  some  degree  at  the  ex- 
pense of  the  head- way  underneath,  and  this  in  many  cases  is  of  great 
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be  to  diminish  the  extent  of  flat  surfaces  exposed  by  the 
chains  to  the  action  of  the  wind.  The  substance  or 
section  of  metal  required  in  any  case  may  be  made  to 
expose  less  of  surface  to  the  wind  in  one  bar,  or  linked 
series  of  bars  in  one  length,  than  it  can  be  compressed 
into  in  more  than  one  bar  or  series  of  bars ;  so  that  the 
smaller  the  number  of  chains,  with  the  same  effect  as  to 
strength,  the  less  liable  is  the  bridge  floor  suspended  from 
them  to  be  influenced  or  acted  upon  by  the  wind.  But 
it  is  not  alone  on  account  of  the  amount  or  extent  of 
surface  exposed  to  the  wind  by  few  chains,  than  by  many 
chains  having  the  same  transverse  section  collectively, 
that  the  greater  number  have  been  deemed  objectionable. 
Separate  chains  of  metal  of  great  bulk  and  considerable 
extent,  as  in  a  chain  suspension  bridge,  are  found  not 
to  be  acted  upon  by  heat  to  exactly  the  same  extent 
within  or  at  the  same  time  ;  so  that  one  of  a  bundle  of 
chains,  having  a  duty  imposed  upon  them  collectively, 
may,  by  the  greater  or  less  expansion  or  contraction  of 
some  of  them,  throw  the  duty  to  be  performed  upon  a 
part  of  the  whole  number.  If  these  are  suflScient,  the 
remainder  are  unnecessary,  and  if  they  are  not  so,  they 
fail,  and  throw  the  burden  wholly  upon  the  more  or  less 
contracted  or  expanded  chains,  which  for  the  same 
reason  should  fail  also,  and  the  whole  work  thus  fall 
into  ruin.  Hence  it  would  appear  that  a  greater  amount 
of  strength  is   necessary,   and   consequently   a  greater 
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requires, — since,  in  truth,  every  one  of  the  number  so 
employed  should  be  competent  to  perform  it  alone.  It 
is  true  that  a  bar,  link,  or  plate  of  smaller  substance  may 
be  wrought  more  perfectly,  and  be  made  thereby  to 
sustain  a  greater  weight  in  proportion  to  its  substance 
than  a  large  one  can,  where  the  means  of  working  are 
not  very  perfect;  and  indeed  there  is  a  Umit,  beyond 
which  even  the  most  efficient  means  in  use  of  working 
iron  will  not  go  in  giving  its  full  value  to  the  cohesive 
powers  of  the  metal.  What  is  true  of  wire, — the  smallest 
form  in  which  iron  is  used  for  the  purposes  contem- 
plated,— seems,  however,  to  be  true  of  bars  or  rods  of 
larger  bulk,  when  called  upon  to  perform  the  duty 
together,  which  might  be  safely  imposed  upon  their 
aggregate  in  one  consolidated  mass.  The  condition  of 
wire  is  the  strongest  as  well  as  the  smallest  form  in 
which  metal  can  be  placed,  substance  for  substance ;  but 
it  is  not  found  that  a  long  cable  made  of  a  thousand 
wires  banded  together,  possesses  a  thousand  times  the 
strength  of  a  single  wire  (every  wire  being  of  the  same 
strength),  whether  it  be  from  the  practical  difficulty  of 
drawing  them  all  alike  straight,  and  then  holding  and 
straining  them  all  aUke,  or  from  other  causes.  More 
than  a  thousand  wires  must  be  put  into  a  cable  to  enable 
it  to  sustain  a  thousand  times  the  weight  that  may  be 
entrusted  to  a  single  wire ;  but  if  the  means  existed  of 
making  a  cable  of  the  same  quantity  of  metal  the 
thousand  wires  contain,  wrought  and  compacted  as  the 
substance  of  one  wire  is,  such  cable  would  possess  the 
full  strength  of  a  thousand  wires,  and  expose  infinitely 
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less  surface  to  the  action  of  the  wind  than  the  same  sub- 
stance in  separate  wires  would  expose.  As  far  as  the 
means  of  thoroughly  welding  and  working  the  iron  in 
bars,  links,  and  couplings  may  be  at  hand,  or  can  be 
procured,  so  far  it  appears  should  the  consohdation  of 
substance  in  the  chains  of  a  chain  suspension  bridge  be 
CEirried,  but  no  farther. 

The  supports  of  a  suspension  bridge  must  of  course 
be  adapted  to  the  weight  to  be  borne,  and  to  the  re- 
quired endurance  of  the  structure,  but  the  duty  required 
should  be  limited  to  resistance  to  compression  alone, 
or  the  power  of  sustaining  the  weight,  such  weight 
being  imposed  upon  it  vertically.  The  equal  bisection 
of  the  angle  formed  by  the  chains  in  the  main  bay  with 
the  back  chains  is  intended  to  produce  this  effect,  and 
it  must  be  obvious  that  any  divergence  tends  to  produce 
a  strain  upon  the  prop  in  the  direction  of  the  greater 
side  of  the  bisected  angle. 

The  props  or  bearing  uprights  of  a  flexible  suspension 
bridge  may  be  of  timber  or  of  iron,  or,  as  they  generally 
are  in  works  of  any  extent  and  pretence,  of  masonry,  or 
of  a  combination  of  brick-work  and  masonry.  Timber 
may  be  driven  as  piles,  or  framed  down  into  sleepers 
bedded  on  brick-work  or  masonry  substructions,  and 
strutted  and  braced  beams  as  transoms  being  framed 
down  upon  the  heads  of  the  piles, — with  or  without 
templates  or  struts  as  the  case  may  require, — the  cables 
are  laid  upon  rollers  set  upon  the  transoms :  cast-iron 
uprights  with  spreading  bases  may  be  in  like  manner 
stepped    into    stone   curbs,   plinths,    or    sleepers    upon 
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solid  substructions,  to  carry  the  cables  or  chains,  and 
these  must  be  well  connected   across,   or  transversely 
of  the  bridge,  and  braced,  that   they  may  effectually 
withstand  any  vibratory  motion  the  chains  of  the  sus- 
pended platform   may   receive:    and    constructions    of 
masonry,  or  of  brick- work  and  masonry  combined,  as 
bearing  piers  or  towers  of  whatever  form,  must  have 
substance  enough  to  bear  without  yielding  the  weight 
to   be  imposed,   and  mass    enough    to  withstand    the 
vibratory    action,    or    rather    to    be    the  fulcra  upon 
which  struts,  braces,  and  guys  may  take  their  bearing 
or  their  hold,  to  prevent  the  generation  of  such  action. 
Indeed  it  does  not  appear  but  that  a  system  of  vertical 
timber  bracing  between  the  sills  and  curbs  of  the  road- 
way and  the  .main  chains,  commencing  by  an  abuttal 
on  the  podium  of  the  piers  or  suspension  towers,  may 
be    introduced    in    connexion    with  transverse  bracing 
from  main  chain  to  main  chain  in  the  deep  parts,  or 
where  the  head- way  would  not  be  affected  by  it,  with 
economy  and  advantage.     Such  a  system  as  that  here 
suggested  would  adapt  itself  readily   and  without   de- 
rangement  to   the    expansion    and   contraction   of  the 
chains   and  rods,   and    tend   materially   to    stiffen  the 
road-way,  whilst  it  would  check  any  approach  to  the 
undulations,  which,  without  a  system  of  vertical  bracing, 
are    found    to    follow   the    vibration    of  the    road-way 
in    tempests.      Vertical    bracing   under    the    road -way 
occupies   head-way  below,    or   renders   it   necessary  to 
raise  the  bridge  so  much  higher  to  preserve  it,  without 
assisting  in  any  degree  to  steady  the  chains  and  give 
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them  the  aid  of  the  road-way  in  resisting  impulses  to 
motion. 

For  the  reason  last  stated  in  objection  to  vertical 
bracing  under  the  road-way  of  a  chain  suspension 
bridge,  the  plan  proposed  by  Mr.  Stevenson  of  Edin- 
burgh (see  Plates  104,  105,  106,  and  107),  of  laying 
the  chain  under  the  road-way,  is  objectionable ;  but  in 
cases  where  no  inconvenience  would  result  from  this, 
it  is  a  plan  that  has  nothing  to  recommend  it  before 
the  erected  rib  suspension  system,  but,  on  the  contrary, 
the  mode  of  construction  it  involves  is  less  sound,  the 
result  is  far  less  sightly,  and  certainly  the  plan  presents 
no  advantage,  as  far  as  economy  is  concerned,  over 
that  other  and  more  eligible  mode  of  construction 
which  is  here  contrasted  with  it.  Both  plans  or  modes 
of  construction  are  limited  in  the  extent  of  span  that 
can  be  properly  embraced  by  them,  and  cannot  there- 
fore be  applied  in  very  many  cases  that  are  greatly 
within  the  powers  of  the  chain ;  but  there  seems  to  be 
no  reason  why  the  erected  rib  should  not  be  applied 
to  spans  exceeding  200  feet,  whilst  Mr.  Stevenson  con- 
siders about  200  feet  to  be  the  limit  which  the  making 
up  of  the  road-way  of  his  bridge,  and  the  enlarged  angle 
of  its  suspension,  set  to  the  extent  of  span  of  which 
the  plan  is  capable.  The  larger  of  Mr.  Leather's  rib 
or  bow  suspension  bridges  over  the  river  Aire  at  Leeds 
exceeds  150  feet  in  span,  and  the  ribs  which  carry 
the  suspended  aqueduct  of  the  Aire  and  Calder  Naviga- 
tion, more  recently  erected  by  Mr.  Leather  at  Stanley 
Ferry,  also  span  1 50  feet,  whilst  the  timber  ribs  of  the 
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central  bay  of  the  bridge  over  the  Delaware  at  Trenton 
are  of  200  feet  span. 

The  erected  rib  suspension  system  may  therefore  be 
safely  recommended  to  the  extent  of  200  feet  span,  and 
it  may  without  danger  of  failure,  if  properly  executed,  be 
carried  still  farther ;  but  for  single  bays  of  300  feet  and 
upwards  recourse  must  perhaps  be  had  to  the  chain, 
or  to  the  flexible  suspension  principle.  The  Menai 
Bridge  upon  this  system  embraces  550  feet ;  the  Clifton 
Bridge  erecting  over  the  Avon  near  Bristol  will  reach 
700  feet ;  and  the  road- way  of  the  wire  bridge  over 
the  valley  of  the  Sarine  at  Fribourg  in  Switzerland, 
by  M.  Chaley,  a  French  engineer  and  contractor,  is 
carried  over  a  void  of  upwards  of  800  feet,  whilst  the 
distance  between  the  bearing  points  of  the  chains  exceeds 
870  feet  (see  Plates  98,  99,  100,  and  100  a).  To  this 
it  may  be  added  that  Mr.  Telford  did  not  hesitate  to 
project  and  recommend  a  chain  or  rather  jointed  rod 
suspension  bridge  over  the  Mersey  at  Runcorn  of  1000 
feet  in  length  between  the  bearing  points. 

In  designing  a  bridge  of  masonry  or  of  brick-work, 
involving  piers  in  a  water-way,  some  apparent  contra- 
dictions have  to  be  reconciled.  The  piers  should  have 
the  largest  possible  base,  and  they  should  themselves 
occupy  the  smallest  possible  space  consistently  with 
their  own  efficiency ;  the  level  of  the  road  upon  the 
bridge  should  not  be  raised  above  the  level  of  the  roads 
which  it  connects  more  than  is  absolutely  necessary ; 
and  the  head-way  under  the  bridge,  both  for  the  passage 
of  the  waters  and  for  navigation,  should  be  as  high  and 


PRACTICAL  TREATISE 

clear  as  it  can  be  made  con- 
sistently witli  the  important 
objects  of  the  safety  and  utihty 
of  the  road-way  over  it,  whilst 
the  arches  will,  in  almost  all 
cases,  be  required  as  flat  as 
^    they  can  be  built,  and  at  the 
M    same  time  it  will  be  desirable 
E     to  render  the  thrust  upon  the 
^    abutments  as  slight  as  pos- 
^    sible. 

B        Bridges    of   the   class,   or 
1    built   of  the  materials,   now 
■I    under  consideration,  consist  of 
^    arches  resting  upon  piers,  and 
g    sustained  or  held  together  by 
g,   abutments,  or  of  a  single  arch 
-     resting  upon  and  sustained  by 
"I    its  abutments.   The  desirable- 
J>   ness  of  adhering  to  the  ar- 
■^    rangement  indicated   by   the 
"3    latter  form  has  been  already 
|-   pointed  out,  and  the  reasons 
[J3    for  it  slated ;  but  when  the  ex- 
isting and  required  water-way 
exceeds  200  or  250  feet,  one 
arch  can  hardly  be  contem- 
plated, though  where  there  is 
height  enough  to  allow  of  an 
arch    of   magnificent    dimen- 
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sions,  with  a  greater  water-way  than  can,  with  prudential 
regard  to  economy,  be  wholly  spanned  by  masonry,  it  will 
be  better  in  every  respect  to  span  the  main  body  of  the 
stream  with  a  great  arch,  and  to  occupy  the  remzdning 
space  with  two  arches  smaller  than,  and  of  diflFerent  form 
from,  the  central  arch,  so  that  the  requisite  piers  may  be 
nearer  the  margins,  than  to  make  a  series  of  arches  of 
equal  or  nearly  equal  size,  and  of  similar  form.^  The 
latter,  however,  is  the  usual  course;  and  the  noblest 
rivers  are  thus  divided  into  narrow  rapids,  and,  with  few 
exceptions,  a  dull  and  tame  monotony  pervades  the 
architectural  composition  of  bridges  from  one  end  of 
the  world  to  the  other. 

Abutments  to  bridges  of  masonry  or  of  brick- work,  or 
of  a  combination  of  the  two,  should  be  designed  in  such 
manner  and  with  such  effect,  by  means  of  back  buttress, 
or  counterfort,  and  wing-walls  extending  longitudinally 
inland  and  parallel  to  the  direction  of  the  thrust  of  the 
bridge, — that  is,  in  the  absence  of  such  natural  backing 
to  the  abutments  as  may  be  in  itself  immoveable,  and 
thereby  equivalent  to  constructions, — that  they  may  be 
perfectly  competent  to  the  duty  of  sustaining  the  bridge, 
or  of  resisting  the  thrust  of  its  arch  or  arches  without 
the  aid  of  the  earth  or  other  material  of  which  the  ap- 
proaches may  be  embanked ;  and  in  the  same  manner 
the  bridge  abutments  should  have  mass  enough  to  hold 

^  Mr.  Brunei  has  lately  built  a  bridge  to  carry  the  Great  Western 
Railway  over  the  Avon  at  Bristol,  exhibiting  in  a  very  agreeable  manner 
an  arrangement  of  the  kind  suggested  in  the  text;  the  central  arch 
spans  100  feet,  and  two  collateral  arches  30  feet  each. 


116  PRACTICAL  TREATISE 

up  any  embanked  approach  without  liability  to  be  forced 
forward  upon  the  arches  which  they  are  intended  to 
sustain.  Road  or  other  bridges,  however,  upon  dry 
ground,  or  where  the  space  to  be  borne  over  can  be  laid 
dry,  occurring  within  an  embankment  to  carry  another 
road,  a  railway,  or  a  canal,  may  be  designed  as  if  they 
were  culverts  to  receive  and  sustain  external  pressure, 
an  inverted  arch  being  turned  from  side  to  side  imder 
the  bridge  to  hold  the  sides  or  abutments  up  against  the 
thrust  of  the  ground ;  but  in  such  a  construction  ^coun- 
terfort and  spandrel  walls  must  be  carried  up  in  con- 
nexion with  the  constructions  to  make  the  culvert  bridge 
independent  of  the  earth- work  formations,  and  able  to 
stand  alone,  and  to  bear  without  assistance  whatever 
loads  may  have  to  pass  over  it.  Most  failures  in  such 
works  arise  from  the  constructions  not  being  made 
independent  of  the  earth-work  formations.  Abutments 
cannot,  indeed,  be  made  too  strong,  but  the  strength 
necessary  in  any  particular  case  must  depend  upon  the 
form  and  extent  of  the  arch  or  arches  of  which  they  have 
to  sustain  the  weight  and  thrust,  upon  the  weight  and 
density  of  the  materials  used  in  them,  and  upon  the 
ground  upon  which  they  may  rest.  When  the  arches 
are  flat,  and  the  thrust  is  consequently  severe,  the  abut- 
ments should  be  benched  back  to  prevent  them  from 
slipping  on  their  platforms  or  other  bases,  but  the 
benches  must  be  upon  ground  strong  enough,  or  the 
ground  must  be  made,  by  skew-piUng  or  otherwise, 
strong  enough,  to  resist  any  lateral  pressure  that  may 
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The  inverted  arch  furnishes  the  most  efficient  means 
of  extending  the  base  or  bearing  surface  of  a  bridge ;  and 
when  circumstances  render  it  necessary  to  protect  the 
bed  of  a  river  over  which  such  a  structure  is  to  be 
raised  from  the  action  of  the  current,  this  end  may  be 
answered,  and  the  bearing  surface  extended  to  the 
greatest  degree  that  can  be  required,  by  the  use  of  a  flat 
inverted  arch.  That  the  inverted  arch  in  such  a  case 
may  not  be  undermined,  however,  it  must  be  flanked  and 
protected  by  longitudinal  grooved  or  dovetailed  sheet- 
piling  driven  as  deep  as  the  ground  can  be  disturbed, 
and  longitudinal  beams  as  fender-sills,  to  which  the 
heads  of  the  sheet-piling  should  be  attached ;  but  as  the 
fenders,  to  be  efficient,  should  be  in  long  straight  lengths, 
to  which  the  curved  sides  of  an  arch  will  not  adapt 
themselves,  the  width  of  the  invert  at  its  springings  may 
be  Umited  to  that  of  the  upper  arch,  and  groining  will 
give  the  means  of  extending  it  laterally,  until  a  straight 
line  of  flank  is  produced  on  the  level  of  the  lowest  plane, 
against  which  the  sheeted  fender-sills  may  be  laid  with 
the  best  effect.®  A  mere  flooring  of  masonry  flanked 
with  sheet-pilings,  as  practised  by  that  most  ingenuous 
as  well  as  ingenious  bridge-builder,  Semple,  at  Dublin, 
in  the  Essex  and  Ormond  bridges,  would  answer  the 
purpose  of  protecting  the  bed  of  the  river ;  but  a  mere 
floor  does  not  necessarily  extend  the  bearing  surface 
under  the  piers,  and  in  Semple's  examples  it  does  not 
appear  but  that  piling  under  the  piers  might  have  been 


8 


See  the  second  and  third  diagrams  on  the  next  page. 
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Floored  bay  of  a  bndge,  with  piling,  &c.,  under  the  piers,  according  to 


Elevation  of  a  bay  as  last,  with  invert  groined  oat  to  a  straight  line,  a 
shown  in  plan  below. 


Half  plan  of  inverted  arch  groined  out  to  a  straight  and  level  line 
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altogether  dispensed  with»  if  he  had  laid  his  flooring  as 
inverted  arches  to  extend  the  bearing  surface,  even  with- 
out groining  out  to  the  dovetailed  sheet-piling  and  fender- 
sills,  as  above  described,  and  as  the  latter  diagrams  in- 
dicate. 

These  remarks  are  upon  the  supposition  that  the  sites 
of  two  piers,  at  the  least,  and  the  space  between  them, 
can  be  laid  dry  at  a  time,  whether  by  turning  the  course 
of  the  river  or  by  including  such  an  extent  of  surface  as 
that  indicated  within  one  coffer-dam.  Semple  made  a 
coffer-dam  over  half  the  whole  breadth  of  the  Liffey,  and 
thus  the  head  of  the  dam,  or  that  part  of  it  which  ranged 
through  the  central  bay  or  archway  in  the  direction  of 
the  stream,  served  for  both  sides,  the  canted  returhs  to 
the  banks  alone  requiring  to  be  reversed.  He  does  not 
state,  however,  in  what  manner  he  completed  the  floor 
of  the  central  bay  where  the  head  of  the  dam  stood 
in  the  way,  though  the  obvious  mode  seems  to  be  to 
make  it  up  to  the  piles  of  the  dam  on  each  side,  and 
upon  the  removal  of  the  same  to  cut  off  the  piles  in  this 
part,  and  to  complete  the  masonry  bed  or  floor  between 
the  piles  by  the  aid  of  a  diving-bell,  leaving  the  heads  of 
the  piles  to  form  a  part  of  the  floor.  It  is  true  that  an 
inverted  arch  could  not  be  so  well  treated  in  that  man- 
ner, nor  can  inverted  arches  be  contemplated  when  the 
bays  are  of  great  magnitude ;  though  in  a  design  of  the 
kind  before  suggested  of  a  very  large  arch  with  two 
small  arches  next  the  abutments,  these  latter  might  have 
inverted  arches  with  great  advantage  to  the  construction, 
as   the  bearing  of  the  piers  is  thus  distributed  over  a 
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large  surface,  and  the  thrust  of  the  central  arch  is 
carried  more  effectually  up  to  the  abutments.  All  solid 
resisting  matter  placed  in  the  bed  of  a  river,  however, 
whether  as  inverted  arches,  or  as  spreading  courses  or 
footings  under  piers,  with  whatever  sheet  or  other  piling 
may  be  requisite  to  enclose  or  defend  the  constructions, 
should  be  placed,  not  only  below  the  bed  of  the  river, 
but  so  much  below  the  ordinary  or  hitherto  bed,  where 
no  obstructions  having  the  effect  of  piers  may  have 
existed,  as  to  allow  the  channel  to  be  deepened  suf- 
ciently  to  make  the  section  of  the  water-way  in  the  bays 
equal  to  the  whole  section  of  the  bed  or  trough  occupied 
by  water  before  the  erection  of  the  piers,  without  bringing 
any  part  of  such  substructions  and  thorough  works 
within  the  action  of  the  current.  Indeed,  it  is  not  imde- 
serving  of  consideration  whether  the  design  of  a  bridge, 
whose  works  will  have  the  effect  of  narrowing  the  water- 
way, should  not  always  contain  a  provision  for  deepening 
the  channel  to  such  an  extent  as  that  here  contemplated. 
It  is  true  that  under  ordinary  circumstances  the  current 
will  effect  such  deepening  of  itself,  but  while  it  is  in 
progress  in  this  manner,  the  bridge  piers  are  exposed  to 
a  greater  wearing  action  than  is  necessary ;  and  if,  as  in 
the  case  of  Smeaton's  Hexham  Bridge,  the  ordinary  force 
of  the  current  is  not  strong  enough  to  scour  the  bed  of 
the  river  in  the  bays  to  obtain  the  space  in  section  that 
the  waters  at  some  times  require,  when  these  occasions 
occur  the  bridge  may  be  undermined  by  the  violence  of 
the  action  the  bridge  itself  tends  to  produce ;  whereas 
the  restoration  of  the  space  taken  up  by  the  piers  and 
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abutments  to  the  extent  of  their  section  would  leave 
the  water-course  in  that  respect  as  large  as  the  waters 
require,  and  in  all  probabiUty  no  further  action  would  be 
induced.  But  in  the  Hexham  Bridge  case  no  such  thing 
was  done,  but  the  converse  was  effected.  Mr.  Smeaton 
knew  the  stratum  of  gravel  upon  which  the  bridge  was 
built  to  be  thin,  and  that  it  rested  upon  a  loose  sand  which 
would  yield  to  the  action  of  the  water  if  once  exposed 
to  it.  He  therefore  placed  his  bridge  upon  the  gravel, 
and  endeavoured  to  prevent  the  water  in  floods  from 
acting  upon  it  **  by  the  deposition  of  some  matter  more 
compact  than  the  gravel  itself;"  but  it  is  evident  that  this 
additional  matter,  of  the  excellence  of  which  as  a  defence 
Mr.  Smeaton  speaks  highly,  still  more  diminished  the 
already  contracted  water-way,^  and  tended  to  raise  the 
flood-waters  to  the  head  requisite  to  scour  it  away  with 
the  gravel  imder  it,  by  which  means  the  sand  was  ex- 
posed, and  of  necessity  the  piers  were  then  at  once  un- 
dermined, and  the  structure  fell.  If  Mr.  Smeaton  had 
taken  the  view  here  propoimded,  that  a  water-way  should 
have  been  preserved  between  the  piers  and  under  the 
bridge  equal  in  sectional  area  to  that  which  the  un- 
obstructed channel  afforded  it,  or  rather,  perhaps,  to  the 
channel  the  water  had  made  for  itself,  he  could  not  have 
calculated  upon  the  stratum  of  gravel  remaining  as  a  bed 
for  his  work,  and  this,  his  only  failure,  would  not  have 
occurred.  It  is  strange,  indeed,  that  the  forewamings 
which  floods  gave  during  the  progress  of  the  work,  had 
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not  induced  him  to  take  steps  to  increase  the  water-way 
rather  than  still  further  to  diminish  it.  He  had  been 
advised  by  the  superintendent  at  the  works  of  the  effect 
floods  were  producing  upon  the  bed  of  the  river  in  the 
bays,  as  it  appears  from  the  following  extract  of  instruc- 
tions as  to  piling  round  the  piers,  and  placing  defences 
of  rubble.  He  says,  **  As  it  appears  from  all  the  arches' 
interspaces  wearing  deeper,  that  it  is  the  natural  effect  of 
the  waters  being  more  confined  than  at  first  by  the  inter- 
position of  the  piers,  it  therefore  indicates  that  we 
should  not  fill  up  more  than  what  is  absolutely  necessary 
for  our  security;  for  the  more  we  block  up,  the  more 
tendency  the  water  will  have  to  take  away  the  blocking 
and  deepen  the  interspaces." 

While  upon  this  subject,  it  may  not  be  out  of  place 
to  remark  upon  the  reason  which  Mr.  Smeaton  gave 
for  the  failure  of  Hexham  Bridge,  as  he  appears  to 
have  overlooked  the  fact,  notwithstanding  the  intimation 
given  of  it  in  the  foregoing  extract,  that  the  bridge 
itself  gave  rise  to  the  action  to  which  he  refers  the 
accident.  *'  Reflecting," — he  says,  in  his  report  to  Mr. 
Errington,  the  gentleman  at  whose  risk  the  bridge  had 
been  built, — "  reflecting  upon  every  circumstance  that 
has  yet  been  communicated  to  me,  with  all  the  precision 
I  am  able,  I  am  of  opinion  that  the  true  cause  of  any 
failure  was  occasioned,  not  only  by  the  great  violence 
wherewith  the  bridge  was  attacked,  but  by  the  great 
weakness  of  the  stratum  of  matter  that  lies  immediately 
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who  made  trial  thereof,  between  the  building  of  the  first 
bridge  and  that  of  the  second ;  which  weakness  of  the 
under  stratum  I  was  not  only  aware  of,  but  turned  my 
thoughts  towards  every  expedient  that  could  tend  to 
avert  the  ill  effects  that  might  arise  therefrom.  And 
having  observed  that,  in  all  the  attempts  of  those  who 
had  gone  before  me  in  this  enterprise,  they  had  dug 
considerably  into  the  bed  of  the  river,  and  thereby 
rendered  that  weaker  which  was  already  too  weak,  I 
did  not  doubt  but  that,  by  a  contrary  practice,  my 
endeavours  would  have  been  crowned  with  the  wished 
and  expected  success ;  for,  as  I  had  read  of  buildings 
and  bridges  that  had  stood  upon  more  weak  natural 
foundations  than  this  appeared  to  be,  and  even  myself 
had  a  case  of  the  kind  that  I  had  effectually  remedied, 
I  did  not  doubt,  but  that  with  the  precaution  of  not 
weakening  the  upper  crust  of  hard  gravel,  but  building 
immediately  upon  it,  I  should  in  like  manner  succeed 
in  this  place.  The  instances,  however,  that  had  come 
to  my  knowledge,  though  the  strata  under  the  founda- 
tions might  be  naturally  weaker,  yet  none  of  them  are 
liable  to  be  attacked  with  any  thing  near  that  degree 
of  violence  that  this  river  now  appears  to  be  capable 
of.  Had  it  been  possible  for  me  to  have  been  acquainted 
beforehand  that  a  flood  of  this  river  could  come  down 
with  so  much  suddenness,  as  that,  for  want  of  time  for 
the  lower  reaches  of  the  river  to  be  filled  from  the 
upper,   there   could  be   created  a  fall    ^^ 


,1  *  '*' 
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salient  point  of  the  same  pillar,  of  no  less  than  five  feet 
perpendicular,  which  would  in  effect  create  a  velocity 
of  the  water  of  above  a  thousand  feet  in  a  minute ; 
— I  say,  could  I  have  been  informed  of  this  single  fact, 
as  appeared  to  be  at,  and  for  some  time  before  any 
degree  of  derangement  was  apparent  in  this  bridge,  I 
never  could  have  thought  of  advising  you,  or  any  private 
gentleman,  to  have  undertaken,  at  his  own  risk,  a 
building  of  so  much  danger  and  hazard :  and,  exclu- 
sively of  that  danger  and  derangement  which  might 
naturally  be  expected  to  arise  from  the  mere  rapidity 
of  the  water,  I  am  further  of  opinion  from  what  now 
appears,  that  the  mere  difference  of  the  weight  of  the 
body  of  water  immediately  above  the  bridge,  which 
could  not  be  counterbalanced  by  a  body  of  water  of 
an  equal  breadth  immediately  below,  has,  in  reality, 
been  sufficient  to  force  down  the  under  soft  stratum 
out  of  its  former  position,  so  as  to  be  more  inclined 
to  the  west,  and  occasion  the  upper  stratum,  upon 
which  the  bridge  immediately  stood,  to  follow  it." 

Hence  it  appears  that  Mr.  Smeaton  had  no  reason 
to  suppose  that  the  bed  of  the  river  in  the  part 
where  he  built  the  bridge  was  liable  to  serious  dis- 
turbance from  the  violence  or  rapidity  of  the  waters 
in  the  worst  floods,  as  he  attributes  the  destruction 
of  a  former  bridge  near  the  same  place  to  the  weakening 
of  the  stratum  of  gravel  which  formed  the  bed  of  the 
river  by  digging  into  it  to  found  the  piers,  and  not 
to  any  Uability  of  the  "upper  crust  of  hard   gravel'* 
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to  disturbance  from  the  ordinary  action  of  the  floods 
to  which  the  river  had  been  always  subject.'®  What 
may  be  the  rapidity  of  sudden  flood-waters  over  the 
bed  of  the  river  Tyne  abreast  of  Hexham  does  not 
appear,  but  it  is  quite  clear  that  it  had  not  been  suf- 
ficient to  disturb  the  bed  of  the  river  where  the  bridge 
stood,  or  a  head  of  five  feet  of  water  would  not  have 
been  necessary  to  scour  it  out  from  under  the  bridge. 
Indeed,  there  is  no  reason  to  suppose  that  the  crust 
of  gravel  upon  which  the  bridge  was  placed  would 
have  been  broken  up  by  the  flood  in  which  the  bridge 
fell,  if  the  bridge  had  not  been  in  the  way  to  form  the 
head  and  the  consequent  deep  and  rapid  fall  that 
ploughed  it  up.  It  was  the  bridge  and  the  works 
connected  with  it  that  prevented  the  lower  reaches  of 
the  river  from  being' filled  fast  enough  to  prevent  the 
suddenness  of  the  flood  from  raising  the  head,  or  *'  the 
difference  of  level  between  the  up-stream  end  and  the 
down-stream  salient  point  of  the  same  pillar." 

The  river  Tyne,  in  the  part  where  the  bridge  stood, 
was  about  530  or  540  feet  wide  at  the  height  of  freshes 
or  ordinary  floods ;  this  width  the  piers  and  abutments 
reduced  one-fifth,  leaving  but  424  feet  opening  between 
the  piers  where  they  are  thinnest,  and  the  diminished 
width  was  further  reduced  below  summer  water  level 

'^  Mr.  Mylne,  who  was  called  upon  by  the  Magistrates  for  the 
county  to  advise  them  after  the  disaster  to  Mr.  Smeaton's  bridge,  says, 
in  his  Report,  "  that  the  bed  of  the  River  Tyne  seems  to  shift  and  alter 
its  form,  extent,  and  situation,  with  every  flood,  more  or  less;"  but 
upon  this  point,  as  well  as  upon  several  others,  Mr.  Smeaton  and  Mr. 
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by  the  greater  substance  of  the  piers  at  their  footings, 
and  by  the  defences  of  rubble  packed  around  them  which 
had  the  effect  of  making  an  imperfect  dam  or  sunken 
weir  at  every  archway.  But  the  flood-waters  had  on 
previous  occasions  risen  above  bridge  to  the  height  of 
the  springings  of  the  arches  without  injury  to  the  works, 
notwithstanding  the  pressure  of  a  head  of  three  feet  of 
water  accumulated  by  the  obstructions  of  the  piers  and 


Longitudinal  section  of  the  central  arch  and  its  piers,  of  Smeaton's 
Hezhara  Bridge,  showing  the  rubble  defences  to  the  piers  and  their 
effects  upon  the  water-way. 

their  defences,  and  a  scour  arising  from  a  velocity  of  from 
800  to  900  feet  per  minute  resulting  from  that  head. 
Above  the  level  of  the  springings,  however,  the  arches 
themselves  began  to  be  immersed,  and  these  in  a  rise  of 
three  feet  in  height  above  the  springings  will  have  further 
diminished  the  water-way  full  thirty  feet,  when  the  pres- 
sure became  sufficient  to  break  up  the  crust  of  gravel 
that  lay  exposed  between  the  toes  of  the  rubble  defences 
of  the  piers,  to  wash  out  the  sand  and  loam  from 
between  the  rubble,  and  to  scour  out  a  channel  deep 
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enough  to  compensate  for  the  space  that  the  piers  of  the 
bridge  with  their  defences  and  the  immersed  haunches 
of  the  arches  occupied.  Had  this  last  operation  been 
considered  and  treated  as  an  essential  part  of  the  design 
of  the  bridge,  or  had  Mr.  Smeaton  contemplated  the 
propriety,  not  to  say  necessity,  of  doing  so,  either  the 
bridge  would  not  have  been  built,  or  it  would  have  been 
designed  in  such  manner  as  not  to  leave  it  the  certain 
agent  of  its  own  destruction;  and  yet  Mr.  Smeaton 
concludes  a  letter  detaiUng  the  circumstances  of  the 
catastrophe,  three  months  after  it  occurred,  with  the 
remarkable  expression,  "  all  the  experience  I  have  gained 
is,  not  to  attempt  a  bridge  upon  a  gravel  bottom  in  a 
river  subject  to  such  violent  rapidity" ! 

It  seems  quite  evident  in  this  case  that  the  bridge  was 
the  cause  of  its  own  overthrow,  and  it  is  very  likely 
that  the  yielding  of  the  bed  of  the  river  prevented  the 
greater  calamity  which  must  have  followed  if  this  had 
not  happened ;  the  waters  must  have  risen  until  the 
banks  above  should  give  way  or  be  overflowed,  when  the 
whole  country  would  have  been  deluged  to  the  probable 
destruction  of  life  and  property  beyond  calculation. 

A  further  illustration  of  the  view  here  taken,  that  the 
velocity  to  which  Mr.  Smeaton  referred  the  accident  to 
Hexham  Bridge  was  not  attributable  to  any  thing  pe- 
cuhar  to  the  river,  rapid  as  such  a  flood  in  it  would  be, 
is  derivable  from  the  circumstance  before  alluded  to 
(p.  58,  et  seq,)  connected  with  Old  London  Bridge.  The 
Thames  is  not  subject  to  the  sudden  bursting  of  waters 
and  the  fearful  velocity  of  current  which  Mr.  Smeaton 
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charges  the  Tyne  with,  and  yet  a  rapid  was  formed  under 
the  central  arch  of  the  old  bridge  that  threatened  the 
downfall  of  the  stnictiire,  by  exactly  the  same  process 
by  which  the  Tyne  destroyed  Mr.  Smeaton's  bridge, — 
by  scom-ing  the  bed  of  the  river,  and  midermining  the 
constructions  that  dammed  its  waters  up  to  a  head 
sufficient  to  produce  the  injurious  eflfect,  although  no 
treacherous  stratum  of  loose  sand  lay  immediately  under 
the  ground  upon  which  the  piers  of  the  old  bridge  stood. 
The  opinions  and  practice  of  Smeaton  must  be  at  all 
times  received  and  considered  with  respect,  and  not  the 
less  so  that  he  did  not  always  recognise  the  real  causes 
of  the  actions  with  which  he  had  to  contend,  but  he 
stated  his  views  with  so  much  candour  and  clearness  as 
to  lead  the  inquirer  to  a  free  consideration  of  their  cor- 
rectness. It  is  remarkable,  however,  that  the  man  who 
in  designing  the  Eddystone  Lighthouse  acted  fully  up  to 
the  only  sound  practice  in  hydraulic  architecture, — the 
entire  exclusion  of  water  from  the  constructions  and 
formations  that  are  to  be  opposed  to  the  action  of  water, 
— and  thereby  perfectly  succeeded  in  establishing  a  work 
capable  of  resisting  the  utmost  violence  with  which  un- 
restrained water  can  act,  should  hope  to  effect  any  per- 
manent object  by  the  deposition  of  uncombined  rubble  in 
water  to  counteract  the  effect  of  water  Uable  to  be  put  into 
motion  with  any  degree  of  power,  as  at  London  Bridge, 
— or  as  at  Hexham  by  means  of  such  a  defence  as  a 
heap  of  shapeless  stones  bedded  in  loam  to  protect  the 
bases  of  piers  laid  in  cassoons  upon  the  surface  of  a 
stratum  of  gravel  from  the  effect  of  the  certain  per- 
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eolation  of  the  water  between  the  floor  of  the  cassoon 

* 

and  the  gravel  upon  wliich  it  was  placed.  It  may  be 
taken  for  granted,  that  where  water  can  find  access  it 
will  make  a  passage,  if  there  be  but  head  to  give  pres- 
sure and  induce  a  current :  in  the  case  of  Hexham 
Bridge,  the  constructions  themselves  acted  to  form  the 
head,  and  the  heaped  rubble  could  not  prevent  the 
water  from  free  access  under  it  to,  and  under,  the  im- 
perfectly bedded  cassoons ;  whilst  the  simple  law  of 
nature  which  deprives  a  stone  surrounded  with  water  of 
a  large  proportion  of  its  gravitating  force,  left  the  defences 
themselves  at  the  mercy  of  the  current  as  soon  as  a 
head  had  formed  suflScient  to  wash  out  the  loam  and 
overcome  the  remaining  force  of  gravitation  of  the  sepa- 
rate and  immersed  pieces  of  stone.  If  the  rubble  that 
was  packed  around  the  piers  of  Hexham  Bridge  had 
been  laid  with  good  hydraulic  mortar  in  a  sound  ^  and 
impervious  stratum  under  the  masonry  of  the  piers, 
below  the  bed  of  the  river,  though  such  layer  had  been 
coffered  in  the  gravel  and  bedded  on  the  sand,  the  bridge 
would  have  had  another  chance  of  permanence  in  the 
absence  of  the  partial  weir  the  defences  formed,  and  in 
the  greater  depth  of  the  foundations ;  though  indeed  the 
diminution  of  the  water-way  by  the  piers,  and  the  low- 
ness  of  the  springings  of  the  arches,  might  have  been 
suflScient  for  its  destruction ;  or,  as  before  remarked, 
the  bridge  might  have  been  preserved  for  the  devastation 
of  the  surrounding  country.  The  instructions  given  by 
Mr.  Smeaton  from  time  to  time  during  the  progress  of  the 
works  of  Hexham  Bridge,  and  parti^-i- 
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reference  to  the  restoration  of  parts  which  were  injured 
by  floods  while  the  bridge  was  in  course  of  coostruction, 
show  with  sufficient  clearness,  nevertheless,  that  he  had 
kept  the  exclusion  of  water  from  the  rubble  defences  in 
view,  though  the  measures  he  took  to  that  effect  were 
not  adequate  to  the  duty.  Indeed,  it  seems  very  likely 
that  Smeaton  undertook  the  construction  of  a  bridge  at 
Hexham  with  the  intention  of  succeeding  where  others 
had  failed,  without  greatly  exceeding  them  in  expense ; 
whilst  the  course  he  pursued  to  attain  success  reaDy 
tended  to  insure  iiLs  failure.  Mr.  Smeaton  proposed,  by 
increasing  the  arches  from  seven,  the  number  the  pre- 
ceding bridges  had  had,  to  nine,  to  distribute  the  weight 
more  equably  over  the  bed  of  the  river,  so  that,  to  use 
his  own  expression,  "  the  bridge  might  have  more  legs 
to  stand  upon,  in  consequence  of  the  natural  weakness  of 
the  stratum ; "  but  he  seems  to  have  overlooked  the 
effect  of  the  solid  "  legs,"  and  of  the  defences  to  their 
feet,  in  holding  up  the  water  more  certainly,  and  so  to 
counterbalance  the  benefit  he  counted  upon  deriving 
from  them." 

The  substance  in  thickness  of  which  bridge  piers  may 
be  built  must  depend,  in  a  great  degree,  upon  the  ma- 
terials of  which  they  are  composed,  the  height  to  which 

"  Even  Mr.  Smeaton  might  have  read  with  advantage  the  following 
passage  from  Behdor's  Architecture  Hydrauliqae:  "  Rien  de  si  dan- 
gereui  que  de  reaserrer  les  eaux  courantes,  ^  cause  de  leur  renflement 
du  zdXi  d'amont,  qui  causeroit  une  cataracte  difficile  et  m^ine  dan- 
gereuae  pour  le  passage  dcs  bateaux,  et  qui  pourroit  occasianer  des 
affouillements  capables  de  d^grader  le  pied  des  piles  et  dea  ciil^s." 
Part  11.  liv.  4,  p.  442. 
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it  may  be  necessary  to  cany  them,  and  the  weight  of 
the  arches,  upper  works,  and  load ;  it  being  taken  for 
granted  that  the  workmanship  in  execution  will  be  such 
as  to  render  it  unnecessary  to  make  any  allowance  in 
that  respect ;  for  no  judgment  in  the  design  will  avail 
against  bad  work,  as  the  thickest  piers,  badly  wrought 
and  built,  may  be  unable  to  bear  the  weight  they  are 
intended  to  carry,  though  piers  of  half  their  substance 
might  be  sufficient. ^^  Nor  should  it  be  necessary  to  have 
reference  to  the  extent  of  base  which  the  nature  of  the 
ground  may  appear  to  render  necessary,  as  means  should 
be  adopted  of  extending  the  footings,  and  otherwise 
spreading  the  bearings  of  piers  upon  the  ground,  or 
upon  an  artificial  stratum  within  the  ground,  so  as  to 
render  them  altogether  independent  in  that  respect,  even 
if  their  substance  be  diminished  to  the  greatest  possible 
degree  of  thinness. 

It  was  the  practice  of  the  early  builders  of  arched 
bridges  to  consider  every  pier  in  a  bridge  as  an  abutment 
to  the  arch  resting  upon  it ;  but  as  the  desirableness  of 
retaining  the  greatest  amount  of  water-way  and  head- 
way under  a  bridge,  with  easy  rise  to  and  upon  it,  became 

^^  If  the  piers  of  Westminster  and  Blackfriars'  bridges  had  been  one- 
eighth  or  one-ninth  the  span  of  the  arches  resting  upon  them,  instead 
of  one-fourth  and  one-fifth  of  that  proportion,  as  they  are  respectively, 
it  is  not  improbable  that  both  these  bridges  would  have  failed :  the  late 
operations  for  the  repairs  to  their  piers  have  exposed  workmanship  of 
the  worst  kind ;  even  in  the  outside  or  ashlar  courses,  stone  chips  and 
pieces  of  slate,  and  even  deal  chips,  were  commonly  found  packed  and 
wedged  in  to  compensate  for  the  leanness  of  the  stones  in  both  beds 
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recognized,  flat  arches, — segments  of  circles  less  than 
semicircles,  and  semi-ellipses, — came  into  use :  but  as 
these  exercise  a  greater  lateral  thrust  than  the  semi- 
circular or  high  pointed  arch,  (one  or  the  other  form,  or 
a  near  approach  to  the  former,  having  been  almost 
universal,)  it  was  necessary  either  to  cease  to  require 
of  piers  to  act  as  abutments  under  any  circumstances, 
or  to  give  them  power  of  resistance  enough  to  perform 
the  duty.  To  do  this  latter  would  be  to  sacrifice  the 
more  important  water-way  in  the  transverse  section  for 
the  less  important  in  the  vertical  section.  The  pier  was 
therefore  allowed  in  many  cases  to  retain,  with  the  flat 
arch,  the  same  proportion  to  the  bay  or  span  of  the  arch 
that  custom  had  accorded  to  it  with  the  deeper  and  less 
thrusting  semicircular  and  high  pointed  arch;  and  in 
many  instances  it  was  reduced  below  that  proportion, 
whilst  the  demand  was  still  made  upon  it  to  perform  the 
duty  of  an  abutment,  temporarily  at  least,  or  until  the 
thrust  of  the  first  constructed  of  the  two  arches  bearing 
upon  it  should  be  balanced  by  the  completion  of  the 
second.  The  main  object  contemplated  appears  to  be, 
that  subsidence  or  other  injury  to  any  one  pier  should 
not  be  felt  beyond  the  two  arches  resting  upon  it  at  the 
utmost ;  and  it  is  further  claimed  for  such  an  arrange- 
ment, that  it  has  the  economical  advantage  of  leaving 
the  centering  more  at  liberty,  as  the  centering  of  an  arch 
whose  piers  are  strong  enough  to  resist  its  thrust,  may 
be  removed  to  serve  for  a  second,  and  so  on  throughout 
the  whole  extent  of  a  bridge  of  equal  arches.  Such 
advantages  are,  however,  but  poor  compensation  for  the 
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injury  done  to  a  river  for  the  purposes  of  navigation, 
and  to  the  country  bordering  a  river,  by  a  bridge  which 
dams  the  waters  until  they  form  a  rapid ;  and  it  may  be 
truly  asserted,  that  more  bridges  have  been  ruined  by 
the    effect    thus   produced   by    themselves,   than    have 
suffered  severe  injury  from  all  other  causes  of  destruction 
together,  bad  workmanship  not  excepted.     Perronet,  a 
name   of  great   and    deserved    respect    in    all    matters 
relating  to  bridge  building,  speaking  of  the  practice  of 
dividing  a  bridge  of  considerable  length  into  several  in- 
dependent parts  by  large  or  abutment  piers,  as  appUed 
in  the  bridge  of  eleven  unequal  arches  over  the  Loire  at 
Blois,  by  Gabriel,  one  of  his  predecessors  in  the  office  of 
chief  engineer  of  bridges  and  highways,  makes  the  fol- 
lowing suggestive  observations:    ''  I  think  that  it  may 
be  prudent  in  designing  bridges  for  rivers  of  great  width 
to  introduce  some  strong  piers,  which  in  case  of  need 
may  serve  as  abutments,  placing  them  at  distances  of 
three  or  four  arches  apart;" — the  eleven-arched  bridge 
at  Blois  has  two  such  piers,  at  four  bays  from  each  abut- 
ment, and  with  three  bays  between  them ; — *'  such  an 
arrangement  will   afford,  moreover,  the  means  of  con- 
structing large  or   extensive   bridges  in  different  parts 
successively,  of  which  each  part  may  be  considered  as  a 
complete  bridge,  having  its  own  independent  abutments ; 
but  strict  care  should  be  taken  not  to  contract  the  beds 
of  rivers  by  introducing  these  thick  piers  within  them 
unnecessarily." 

*'  Many   examples   may  be  cited,"    the   same  author 
continues,    ''  of  mischief  that    has  resulted  from  inat- 
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tention  to  this  consideration  in  bridges  of  the  best  con- 
struction ;  but  I  shall  content  myself  with  referring  to 
one  well-known  case. 

"  In  the  bridge  of  three  arches  of  105  and  138 
(French)  feet  span,  built  over  the  river  AUier  at  Moulins, 
upon  the  design  of  Hardoin  Mansard,  the  piers  were 
32  feet  in  thickness,  and  might  have  served  as  abutments 
to  the  two  smaller  or  land  arches  at  least.  This  bridge 
was  thrown  down,  nevertheless,  in  1710,  immediately 
after  its  completion,  and  the  accident  has  been  attributed 
to  the  contraction  of  the  water-way  by  the  bulky  piers : 
the  bed  of  the  river  is  composed,  however,  of  a  fine 
sand,  which  the  current,  during  floods,  early  disturbs 
and  carries  along  with  it."  ^^ 

Another  bridge  was  built  in  the  place  of  Mansard's, 
fifty  years  afterwards,  by  M.  de  Regemorte  the  younger, 
who  substituted  for  the  bridge  of  three  large  and  lofty 
arches  upon  piers  occupying  less  than  one-sixth  the 
space  between  the  abutments,  a  greatly  lengthened  bridge 
of  thirteen  low  and  equal  semi-elliptical  arches  upon 
piers  occupying  one-seventh  of  the  whole  space  between 
the  abutments,  taken  at  the  level  of  the  springings  of 
the  arches,  which  is  that  of  summer  water ;  but  as  these 
low  arches  gather  over  quickly,  the  flood-waters  are 
contracted  as  they  rise,  and  De  Regemorte 's  bridge  was 
saved,  in  a  flood  which  occurred  in  1790,  only  by  the 
rupture  of  one  of  the  embankments  leading  to  it. 

'*  The  piers  of  bridges  ought  to  be  considered,'*  says 
Perronet  in  the  commencement  of  the  Memoir  above 

»3  CEuvres  dc  M.  Perronet,  pp.  624,  625,  4to.    Paris,  1788. 


ON   BRIDGE  BUILDING.  135 

quoted,  "  either  as  performing  the  duty  of  abutments,  or 
as  reUeved  of  that  duty  by  the  counteraction  of  the  col- 
lateral arches,  through  which  the  thrust  is  carried  from 
abutment  to  abutment  of  the  bridge.  In  the  first  case, 
piers  should  be  rendered  as  capable  as  the  abutments 
themselves  ought  to  be,  of  resisting  lateral  pressure,  that 
they  may  withstand  the  lateral  thrust  of  the  arch-stones 
which  tends  to  overturn  them,  and  which  increases  by  so 
much  the  more  as  the  arches  are  flatter  and  the  piers 
loftier.  In  the  second  case  it  should  be  enough  to  give 
the  piers  ^*  substance  to  enable  them  to  carry  the  weight 
of  the  two  half  arches  which  are  raised  upon  the  two 
sides  of  each  pier  respectively,"  together  with  so  much 
of  the  upper  works  as  lie  over,  and  as  may  be  brought 
by  means  of  the  arches  to  bear  upon  each  pier,  and  the 
load  the  bridge  may  be  destined  or  become  liable  to 
receive ; — it  should  be  added, — though  it  may,  perhaps, 
be  fairly  understood  from  what  is  expressed. 

The  bridges,  and  ruins  of  bridges,  which  remain  to 
the  present  day,  of  Roman  construction,  exhibit  for  the 
most  part  great  massiveness  in  the  piers,  as  these  are  in 
some  cases  equal  in  thickness  to  one-half  the  spaces 
between  them,  in  some  to  one-third,  and  in  few  instances 
do  the  piers  bear  less  than  the  latter  proportion  to  the 
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openings.  The  bridges  of  the  middle  ages,  such  as  those 
over  the  Elbe  at  Dresden,  and  over  the  Rhone  at  and 
below  Lyons,  have  piers  or  masses  of  substruction  to  the 
piers  occupying  almost,  if  not  quite,  as  large  a  pro- 
jjortion  of  the  bed  of  the  river  as  they  leave  to  the  water ; 
and  to  these  and  such  like  nuisances,  inundations, — of 
which  the  fearful  inundation  at  Lyons  in  the  winter  of 
1839-40  is  an  instance, — may  be  certainly  traced,  whilst 
the  bad  drainage  of  the  lands  bordering  upon  rivers 
vexed  with  bad  bridges  is  a  constant  source  of  evil  to 
the  countries  which  possess  them.'* 

In  the  beginning  of  the  sixteenth  century  some  dimi- 
nution took  place  in  the  relative  proportion  of  the  piers 
of  bridges  to  the  span  of  the  arches ;  and  one-fourth  the 
opening  or  one-fifth  the  space  occupied  by  a  pier  and 
two  half  arches  may  be  considered  tlie  average  practice 
from  that  period  until  the  time  of  Gabriel,  the  author  of 
the  bridge  at  Blois,  as  before  mentioned,  early  in  the 
eighteenth  century  ;  but  during  the  lapse  of  two  cen- 
turies the  semi-elliptical  arch  had  been  brought  into  very 
general  use,  and  flatter  segmental  arches  were  built  than 
had  been  hitherto  practised,  involving  an  abandonment 
of  tlie  principle  which  required  the  piers  to  be  equal  to 
the  duty  of  abutments,  since  the  piers  practically  became 
slighter  as  the  arches  were  made  flatter ;  and  although 
the  water-way  derived  no  benefit  from  tlie  change,  except 
as  it  led  to  arches  of  increased  span  and  consequently 

'■''  The  removal  of  Old  London  Bridge,  which  was  a  bridge  of  tlie 
claPS  alluded  to,  has  tended  materially  to  improve  the  drainage,  and  con- 
sequently the  licaltiiiiicss,  of  all  the  low  iiart'-  of  London  above  bridge. 
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reduced  number,  the  road-way  was  greatly  improved 
where  the  depressed  arch  was  applied.  A  distinguished 
case  of  the  kind  of  composition  here  referred  to  is  the 
celebrated  Florentine  Bridge  before  cited,  that  of  the 
Most  Holy  Trinity,  built  between  the  years  1566  and 
1569,  the  piers  of  which  might  almost  serve  as  abut- 
ments, not  only,  as  Perronet  remarks  of  Mansard's  bridge 
at  Moulins,  to  the  two  smaller  or  land  arches,  but  to  the 
central  arch  itself,  flat  as  the  arches  are,  and  severe  as 
their  thrust  must  be.  The  substance  of  each  pier  of  the 
Trinity,  as  the  bridge  is  commonly  designated,  is  equal 
to  more  than  one-fourth  the  central  bay,  and  to  above 
two-sevenths  of  one  of  the  smaller  bays,  whilst  the  whole 
space  occupied  by  the  piers  bears  nearly  the  same  pro- 
portion to  the  whole  width  between  the  abutments  of  the 
bridge  that  Mansard  gave  more  than  a  century  later  to 
his  bridge  at  Moulins.  This  latter  work  would  appear, 
indeed,  to  have  been  arranged  with  reference  to  Am- 
manati's  bridge,  except  as  to  the  rise  of  the  arches, 
which  was  very  much  greater  in  Mansard's  than  in  the 
Trinity.  As  a  great  part  of  the  difiference  in  rise  of  the 
arches  in  the  two  bridges  is  given  by  Ammanati  to  the 
water-way,  by  placing  the  springings  of  his  arches  at 
flood-water  level,  whilst  Mansard's  arches  appear  to 
have  been  sprung  at  the  level  of  lowest  or  summer 
water,  in  all  probabiUty  the  endurance  of  the  one  and 
the  destruction  of  the  other  may  be  attributed  in  a  great 
degree  to  these  circumstances. 

As  the  eighteenth  century  advanced,  a  further  diminu- 
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openings  of  the  arches  they  supported,  and  one-fourth 
became  the  minimum^  and  one-fifth  the  usual  practice ; 
that  is  to  say,  the  substance  or  thickness  of  piers  was 
seldom  made  more  than  equal  to  one-fifth  the  space 
occupied  by  a  pier  and  two  half  arches,  whilst  it  was 
reduced  in  most  cases  to  a  sixth  of  the  same  space,  and 
in  many  to  much  less  than  that  proportion.  M.  Hupeau, 
Perronet's  immediate  predecessor  as  chief  engineer  of 
bridges  and  highways,  left  at  his  death  an  unfinished 
bridge  of  three  arches  over  an  arm  of  the  Seine  at 
Mantes,  in  the  road  from  Paris  to  Rouen,  to  be  com- 
pleted under  the  direction  of  his  successor.  This  had 
been  designed  with  piers  equal  in  thickness  to  two- 
ninths  the  openings  of  the  smaller  arches,  to  which 
they  were  to  serve  as  abutments  while  the  centering 
was  transferred  from  one  of  the  arches  to  the  other, 
and  pending  the  construction  of  the  central  arch.  For 
this  duty,  however,  the  piers  were  found  incompetent, 
or  rather  they  were  found  incompetent  to  withstand 
the  thrust  of  the  centering  with  the  weight  of  the  un- 
keyed  arch  upon  it,  as  the  pier  that  failed  slipped  upon 
the  piled  platform  on  which  it  was  built  ^hile  the  arch 
was  still  incomplete,  and,  therefore,  before  it  could  have 
exercised  any  thrust  upon  the  pier  but  through  the 
centering  upon  which  the  weight  of  the  stones  of  the 
incomplete  structure  rested.  This  step-child  of  M. 
Perronet,  it  may  be  further  remarked,  is  designed  upon 
a  most  vicious  principle ;  for  what  in  it  are  considered 
as  piers,  are  not  such  in  reahty,  but  are  mere  footings, 
from  the  top  of  which,  and  below  the  level  of  low  water. 
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the  arches  are  sprung.  Hence  the  water-way  is  at  the 
best  of  times  narrower  than  the  thickness  nominally 
given  to  the  piers  would  indicate,  whilst  the  appearance 
of  the  work  and  its  condition,  both  as  it  regards  the 
navigation  and  the  passage  of  flood-waters,  are  alike 
impaired  thereby,  putting  out  of  the  question,  for  the 
moment,  the  stabiUty  of  the  bridge,  and  its  effect  upon 
the  river  as  a  dam  to  the  stream  in  floods.  The  pro- 
portion of  the  pier  to  the  opening  in  M.  Hupeau's  great 
work  over  the  Loire  at  Orleans  is  somewhat  less  than 
one-fourth  the  span  throughout,  but  as  at  Mantes, 
though  not  in  the  same  degree,  the  nominal  substance 
of  the  pier  or  its  thickness  at  the  springing  of  the  arch 
gives  but  a  deceptive  idea  of  the  water-way  occupied 
by  the  bridge  constructions,  since  the  pier  begins  to 
spread  where  the  arch  springs,  and  consequently  the 
contraction  of  the  water-way  increases  with  every  course 
both  above  and  below  the  Une  of  springing. 

In  Westminster  Bridge,  which  is  of  rather  earlier  date 
than  the  two  last-mentioned  bridges,  the  substance  of  a 
pier  below  low- water  level  is  one-fifth  of  the  space  occu- 
pied by  the  pier  itself,  and  by  the  two  unequal  half 
arches  resting  upon  it,  or  truly  one-fourth  the  span  of 
an  arch,  though  not  exactly  in  that  proportion  to  any 
particular  arch-way.  The  semicircular  arch  used  in  this 
bridge  abstracts  less  of  the  water-way  than  a  semi-ellipti- 
cal arch  of  the  same  span  and  sprung  at  the  same  level 
would  have  done,  but  even  with  that  advantage  the 
width  of  water-way  is  nearly  fifty  feet,  or  about  one- 
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at  the  level  of  low  water  in  the  river ;  so  that  the  piers 
are  thus  rendered  of  greater  thickness  in  mischievous 
eftect  tlian  they  are  in  real  substance. 

The  piers  of  Btackfriars'  Bridge  occupy  one-sixth  of 
the  space  allotted  to  a  pier  and  two  half  arches,  or  are 
themselves  equal  to  one-fifth  the  span  of  an  arch ;  but 
this  is  only  between  half-tide  level,  at  which  the  arches 
are  sprung,  and  the  level  of  low  water,  below  which 
latter  the  piers  spread  and  consequently  occupy  a  greater 
proportion  of  the  bed  of  the  river  than  they  do  between 
the  low-water  level  and  their  termination  at  the  sprioging 
of  the  arches. 

Smeatou's  bridges  stand  for  the  most  part  upon  piers 
taking  up  about  one-fifth  the  space  occupied  by  a  pier 
and  by  two  half  arches,  or  one-fourth  the  sjjan  of  an 
arch,  and  the  piers  have  generally  height  in  the  body 
(die  or  dado,  pied-droit)  to  raise  the  springings  of  the 
arches  considerably  above  the  ordinary  level  of  the  water 
in  the  rivers  they  cross,  though  not,  it  appears  by  the 
instance  at  Hexham,  so  high  but  that  floods  with  the 
aid  of  the  piers  themselves  could  reach  them.  Mr. 
Smeaton's  estimate  for  his  bridge  over  the  Tay  at  Perth 
contemplates  the  removal  of  the  centre  complete  from 
arch  to  arch,  and  provides  booms  to  strut  the  piers 
one  from  another  to  hold  up  the  arches  pending  the 
removal  of  the  centre  from  bay  to  hay,  so  that  the 
piers  were  looked  upon  as  competent  to  act  as  abut- 
ments with  such  slight  assistance  as  the  provided 
strutting  would  aftbrd. 

Gautier,  early  in    the   last  century,  propounded  tiie 
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principle  that  should  determine  the  capacity  of  bridge 
piers,  though  it  remained  to  Perronet  to  carry  it  out 
in  practice.  "  There  can  be  no  doubt,"  said  Gautier 
in  1716,  "that  the  piers  of  bridges  support  only  half 
the  masonry  of  the  two  arches  at  their  sides,  taking 
the  arches  from  the  middle  of  their  key-stones."  *^  Per- 
ronet does  not  acknowledge  any  obligation  to  Gautier, 
although  in  the  Paper  before  referred  to,^^  which  was 
read  before  the  Royal  Academy  of  Sciences  at  Paris 
in  1777,  he  re-states  the  principle,  and  adduces  in  sup- 
port of  it  the  argument  to  be  drawn  from  the  weight 
of  materials  in  construction  borne  by  piers  in  churches 
both  ancient  and  modem,  not  in  words  certainly,  but 
to  exactly  the  same  effect  that  both  are  found  stated 
in  Gautier's  earlier  work.  Not  contented,  however, 
with  the  arguments  supplied  to  him  by  his  predecessor, 
Perronet  attempts  to  justify  what  he  had  then,  in  a 
limited  degree,  already  practised  in  the  bridge  at  Neuilly, 
by  reference  to  works  in  which  the  piers  had  been  made 
too  slight  to  serve  for  abutments  to  the  arches  resting 
upon  them,  though,  indeed,  his  best  practical  illustra- 
tion of  the  truth  that  piers  need  not  occupy  a  fifth, 
a  sixth,  or  even  a  seventh  part  of  the  water-way  over 
which  a  bridge  is  to  be  built,  is  that  which  Gautier 
had  pointed  out.  Perronet  certainly  went  further  in 
the  application  of  the  principle  than  Gautier  appears 
to  have  imagined  to  be  within  the  bounds  of  prudence 
in  bridge  building ;  but  there  is  no  sufficient  reason  for 
stopping  in  the  reduction  of  the  relative  thickness  of  the 

»«  Traits  des  Fonts,  p.  103,  8vo.    Paris,  1716.  »7  Page  134. 
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piers  to  the  span  of  the  arches  even  where  Perronet 
stopped : — "  The  information  I  had  acquired,"  he  says 
in  his  description  of  the  NeuiUy  Bridge,  "  of  the  capa- 
bihty  of  the  stone  '*  to  support  the  weight  with  which 
it  might  be  loaded  induced  me  to  believe  that  the 
thickness  generally  given  to  piers,  and  which  is  com- 
monly estimated  at  one-fifth  the  opening  of  the  arches, 
might  be  greatly  reduced :  such  estimate  would  have 
given  twenty-four  feet  to  the  piers  of  the  Bridge  of 
Neuilly,  but  I  have  contented  myself  with  giving  them 
thirteen  feet,  though  in  strictness  this  might  be  reduced 
to  ten  feet,  or  twice  the  length,  or  depth  in  vertical 
section,  of  the  key-stones  of  the  arches,  which  pro- 
portion may  be  regarded  as  the  minimum  for  the  thick- 
ness of  bridge  piers,  but  quite  sufficient,  nevertheless, 
if  needful  precautions  he  taken  to  insure  the  soundness 
of  the  construction." 

Tlie  gauge  thus  established  for  the  thickness  of  bridge 

'*  Meaning  the  particular  stone  employed,  of  which  the  writer  says 
in  a  note  to  the  Memoir  read  before  the  Academy  of  Sciences, — "  It 
had  been  determined  from  ciperiments  made  by  M.  Soufflot,  and 
repeated  by  myself,  that  to  crush  a  square  fool  would  require  a  weight 
of  240,000ftis.,  or  a  column  of  equal  base  1580  feet  high,— a  cubic 
foot  of  the  stone  weighing  152fts.  My  own  calculations  showed  me 
that  in  similar  proportions  a  pier  of  the  new  bridge  was  not  loaded 
with  more  than  equivalent  to  a  col\imn  121  feet  high,  so  that  the  piers 
are  strong  enough,  or  have  substance  sufficient,  to  enable  them  to  carry 
twelve  times  the  load  they  have  to  bear." — The  general  utility  of  the 
foregoing  information  is  not  affected  by  the  circumstance  that  the 
weights  and  dimensions  are  not  exactly  those  understood  by  the  same 
terms  Ju  England,  as  the  available  information  is  in  the  proportions, 
and  not  in  the  weights  and  d 
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piers, — the  length  or  depth  of  the  key-stones  of  the 
arches, —  may  be  ascertained  by  a  calculation  of  the 
weight  the  key-stone  may  be  required  to  resist,  which 
is  easily  determinable,  as  it  is  merely  that  of  half  the 
materials  in  and  over  the  arch,  surplus  being  always 
allowed  for  the  load  and  for  contingencies  to  such 
an  extent  as  to  render  failure,  from  a  near  approach 
to  even  the  minimum  power  of  endurance  of  the  material 
employed,  impossible.  Experience  has  shown,  in  many 
instances,  that  the  substance  of  a  pier  for  the  purpose  of 
sustaining  the  weight  of  vaulting  may  be  brought  greatly 
within  the  relative  proportion  in  area  of  the  vaults  sus- 
tained, to  the  sustaining  pier,  which  the  Neuilly  Bridge 
exhibits.  The  chapter-houses  of  many  of  our  cathedrals 
furnish  striking  examples  of  the  comparatively  great 
extent  of  stone  vaulting  that  may  be  safely  imposed 
upon  the  same  stone  in  well-built  piers.  The  central 
column  of  the  chapter-house  at  Wells  bears  a  hundred 
superficial  feet  of  vaulting  for  every  superficial  foot  of 
its  own  area  in  horizontal  section;  whereas  the  piers 
of  the  Neuilly  Bridge,  greatly  as  they  are  reduced  below 
the  former  practice,  give  ten  feet  of  bearing  surface 
in  their  horizontal  section  at  the  springings  of  the 
inner  arches,  to  a  hundred  feet  superficial  of  the  vaults 
they  sustain,  or  one  to  ten  instead  of  one  to  a  hundred. 
This  consideration  may  tend  to  give  confidence  in 
adopting  a  much  lower  scale  of  proportion  of  bearing 
substance  in  piers,  to  the  surface  or  extent  of  the 
vaultings  and  upper  works  to  be  carried ;  for  although 
it   is   quite  certain   that   the   material  constituting  the 
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pier  is  more  liable  to  have  its  surface  eroded,  and 
otherwise  injured,  when  placed  in  a  water-way,  than 
when  within  the  walls  of  a  cathedral  chapter-house,  a 
thin  pier  in  a  water-way  is  subjected  to  less  violent 
action  from  the  water  than  a  thick  one,  because  it 
restrains  the  water  less,  and  it  is  less  exposed  to  casual 
injuries,  because  it  occupies  less  of  the  water-way,  and 
is  therefore  less  in  the  way  of  injury.  It  is  in  com- 
parison no  objection  to  a  thin  pier, — if  it  have  thick- 
ness enough  to  receive  the  beds  of  the  springing  stones 
of  the  arches  on  either  side  of  it, — that  it  is  liable  to 
be  rendered  over  weak  by  the  degradation  of  its  faces, 
for  the  arches  rest  as  much  upon  the  outer  or  surface 
portions  of  a  thick  pier  as  upon  the  two  halves  respec- 
tively of  a  thin  one,  and  arches  would  fail  through  the 
degradation  of  the  surfaces  of  thick  piers  as  readily  as 
through  the  destruction  by  erosion  or  other  external 
injuries  of  thin  ones,  if  in  either  case  the  degradation 
were  allowed  to  go  on  without  restoration,  and  restora- 
tion of  the  one  may  be  effected  as  easily  as  restoration 
of  the  other.  Indeed,  the  practice  in  constructing  the 
bulky  piers  of  bridges  in  past  times  was  to  heart  them 
up,  or  fill  in  between  the  wrought  and  gauged  masonry 
of  the  external  faces  with  rough  rubble,  as  indicated 
in  the  diagram  at  page  126,  ante,  or  at  best  to  bmld 
with  inferior  coursed  work  through  the  heart  of  a  pier. 
In  such  cases  the  arches  and  upper  works  must  depend 
entirely  upon  the  closely-wrought  masonry  of  the  faces 
of  the  piers,  as  the  different  sorts  of  masonry  have  no 
common  bearing,  and  in  any  such  cases  the  piers  might. 
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with  the  same  degree  of  security  at  the  least,  have  been 
restricted  to  the  wrought  masonry  of  the  faces  brought 
close  and  bonded  together,  with  the  slight  increase  in 
their  substance  that  the  increased  weight  of  the  arches 
from  their  increased  extent  would  require.  Of  this  re- 
mark the  section  of  a  pier  and  half  arch  of  the  Wellesley 
Bridge  at  Limerick,  as  shown  in  Plate  55,  affords  an 
apt  and  clear  illustration:  it  is  quite  evident  that  the 
coursed  rubble  hearting  to  the  pier  carries  nothing  but 
the  equally  useless  pile  of  similar  work  immediately  over 
it,  and  that  the  springing  stones  of  the  arches  and  the 
gauged  masonry  under  them  might  have  been  brought 
up  back  to  back  and  bonded  together  with  great  ad- 
vantage to  the  construction  and  great  relief  to  the  water- 
way, for — it  cannot  be  too  often  repeated — a  bridge  pier 
in  a  water-way  is  at  best  but  a  necessary  evil,  and  the 
thicker  the  pier  the  greater  the  evil. 

In  reducing  the  thickness  of  piers  to  the  smallest 
capacity  consistent  with  suflScient  strength  to  carry  the 
load  to  be  imposed  upon  them,  although  the  substance 
of  a  pier  should  be  independent  of  such  considerations, 
it  must  not  be  overlooked  or  forgotten,  nevertheless, 
that  the  piers  do  but  sustain  the  weight  to  transfer  it 
with  their  own,  added  to  that  of  the  arches  and  upper 
works,  to  the  ground,  where  extent  of  base  must  be 
taken,  or  an  artificial  basis  must  be  made  within  it, 
of  sufficient  extent  to  bear  all  without  yielding,  and 
the  piers  must  be  so  arranged  as  to  distribute  the  weight 
they  bear  and  impose  over  all  the  surface  requisite  to 
sustain  it.     This  may  be  done, — though  only  in  certain 
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cases,  as  before  intimated, — by  turning  inverted  arches 
over  the  ground  under  the  piers ;  but,  in  a  large  work, 
it  must  be  done  by  spreading  the  footings  gradually  but 
suflSciently  to  cover  space  enough  of  a  natural  or  pre- 
pared foundation  to  bear  the  load,  whilst, — it  has  been 
already  said, — the  footings  should  be  placed  so  low  down 
as  not  to  be  within  the  action  of  the  current.  An  in- 
stance of  the  practice  here  recommended  occurs  in 
Staines  Bridge  (Plate  53),  where  the  artificial  stratum 
of  piling  under  the  piers  is  so  much  below  the  bed  of 
the  river  as  to  be  obviously  beyond  the  possibility  of 
being  acted  upon  by,  or  of  acting  injuriously  upon,  the 
current,  and  so  much  so,  too,  as  to  place  the  spreading 
courses  or  footings  under  the  piers  below  the  average 
depth  of  the  water-way.  An  instance  of  the  contrary 
practice  in  founding  piers  is  exhibited  in  the  bridge  of 
the  Champ  de  Mars  at  Paris  (Pont  de  J^na,  Plate  56), 
where  a  great  part  of  the  piled  substratum  stands 
above  the  bed  of  the  river,  except  on  the  shallower 
side,  or  where  the  bed  lies  highest,  and  even  there 
the  footings  of  the  piers  and  abutments  are  entirely 
within  the  water-way.  The  obvious  intention  in  this 
case  is  to  compel  the  stream  to  act  over  the  whole 
breadth  of  the  bed  by  interposing  the  masses  of  piUng 
and  Smeatonian  rubble  defences  ^^  about  the  substruc- 
tions on  the  right-hand  side ;  but  Hexham  Bridge  has 
sufficiently  demonstrated  the  futility  of  attempts  to  re- 
strain water  by  means  of  merely  packed  rubble  when 
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the  water  can  be  raised  to  a  head ;  and  the  piled  sub- 
structions, the  spreading  footings  of  the  piers,  and  the 
rubble  defences  together,  have  the  effect,  in  the  bridge 
of  the  Champ  de  Mars,  below  the  ordinary  level  of 
the  water,  of  doubling  the  substance  the  piers  exhibit 
above  that  level,  and  thereby  contracting  the  water-way 
nearly  one-fifth.  In  the  two  cases  cited  there  can  be 
no  hesitation  in  giving  the  preference  to  Mr.  Rennie's 
over  M.  Lamande's  practice ;  indeed,  if  the  transverse 
sections  of  the  rivers  respectively,  as  shown  in  the 
Plates,  may  be  depended  upon,  Mr.  Rennie  would  have 
been  more  justifiable  in  allowing  his  piUng  to  stand 
higher  because  of  the  apparently  even  course  of  the 
current  in  the  Thames  where  Staines  Bridge  stands; 
whereas  the  deeper  water  on  the  right-hand  side  of  the 
elevation  of  the  bridge  over  the  Seine  (being  the  left 
bank  of  the  river)  shows  the  bridge  to  be  upon,  or 
iomiediately  below,  a  bend,  where  the  stream  acts  with 
greatest  effect  upon  the  side  on  which  it  strikes,  or 
upon  which  it  is  reflected.  According  to  the  repre- 
sentation which  the  engraving  gives  of  the  substruc- 
tions of  this  bridge,  (that  of  the  Champ  de  Mars,)  the 
right-hand  abutments  and  the  retaining  wall  of  the 
towing-path  might,  under  the  violent  action  of  a  sudden 
flood,  be  denuded  of  rubble  and  left  strutted  upon  the 
heads  of  the  piles,  and  dependent  upon  the  sheet-pihng 
for  the  exclusion  of  water  from  among  the  ground  piles. 
Supposing  the  piles  to  be  driven  as  deep  as  they  can 
be  made  to  go,  they  should  have  been  cut  off  at  a  level 
not  above  that  of  the  lowest  part  of  the  bed  of  the  river, 
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and  at  the  same  level  right  across,  as  in  the  case  of 
Staines  Bridge ;  and  thus  the  footings  of  the  left-hand 
abutment,  and  those  of  the  two  piers  on  that  side,  would 
have  been  below  the  bed  of  the  river  where  they  occur, 
whilst  the  solidly  constructed  work  in  the  footings  of 
the  other  abutment,  with  the  towing-path  wall  and  the 
other  two  piers,  would  have  done  all  that  should  be 
attempted  towards  directing  the  action  of  the  stream 
more  equally  over  the  whole  breadth  of  the  river. 

One  objection  entertained  to  making  piers  so  thin 
as  to  require  considerable  spread  in  the  footings  to 
obtain  sufficient  ground  base,  whether  natural  or  arti- 
ficial, is,  that  masons  always  work  the  beds  most  truly 
nearest  the  faces,  or  rather  that  they  will  not  work 
the  beds  of  stones  as  they  should  be  worked  but  for 
a  short  distance  within  the  faces,  and  that,  therefore, 
footings  should  spread  but  Uttle,  that  the  superstructure 
may  bear  upon  the  well-wrought  parts  of  the  substruc- 
tions, and  not  upon  the  lean  and  mortared  beds  lying 
in  from  the  faces.  Mr.  Telford  states  this  objection 
in  the  treatise  upon  the  term  '  Bridge '  in  the  Edinburgh 
Encyclopaedia ;  but  surely  it  is  most  futile,  and  deserves 
no  other  consideration  except  as  a  warning  to  take  care 
that  no  stone  be  set  in  a  bridge  pier  or  abutment,  or 
in  any  arch  of  a  bridge,  that  does  not  bear  fully,  fairly, 
and  equably,  over  all.  Masons  will  do  what  they  are 
required  to  do  and  are  paid  for  doing ;  but  if  a  contractor 
have  reason  to  believe  that  he  may  execute  work  ac- 
cording to  the  practice  alluded  to,  he  will  tender  to 
do  the  work  for  less  monev  than  if  he  were  conscious 
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that  a  better  practice  would  be  enforced.  Footings 
should  not  spread  more  than  the  strength  of  the  stone 
employed  will  carry  the  weight  imposed  upon  the  top 
bed  of  a  course,  over  the  whole  of  its  under  bed ;  but 
this  is  the  only  limit  that  ought  to  be  taken  into  con- 
sideration in  spreading  the  footing  courses  to  obtain  a 
suflSciently  extended  base  upon  the  substratum,  what- 
ever that  may  be. 

It  is  true,  nevertheless,  that  Perronet  stands  almost 
alone  in  the  practice  which  he  adopted  of  reducing 
the  piers  of  stone  bridges  even  to  the  limited  and 
cautious  extent,  in  proportion,  to  which  he  carried  it 
in  his  great  work  the  Bridge  of  Neuilly,  and  having 
reference  to  works  of  the  same  class,  that  is  to  say,  to 
bridges  the  tangent  of  whose  arches  at  the  springing 
is  at  right  angles  to  the  chord,  which  can  only  occur 
when  the  chord  is  a  bisection  of  a  circle,  or  other  regular 
curved  figure,  as  an  ellipsis  or  oval ;  for  in  works  of 
which  the  arches  are  small  segments  of  large  circles, 
the  proportion  of  piers  to  openings  that  Perronet  pro- 
fessed to  adopt  at  Neuilly  has  been  repeated  not  un- 
frequently,  and  is  found  in  the  two  examples  last  above 
referred  to,  Staines  Bridge  and  the  Bridge  of  the  Champ 
de  Mars,  Plates  53  and  56.  From  the  fact  that  the 
piers  of  Waterloo  and  London  Bridges  have  piers  equal 
in  thickness  to  one-sixth  the  openings  of  the  arches, 
or  of  the  two  half  arches  bearing  upon  them,  whilst 
the  piers  of  Staines  Bridge,  by  the  same  architect,  are 
only  equal  to  two-seventeenths,  or  between  an  eighth 
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it  would  appear  that  some  idea  of  piers  being  in  a 
condition,  or  nearly  approximating  a  condition,  to  do 
the  duty  of  abutments  where  the  arches  spring  low 
down,  as  in  Waterloo  and  London  Bridges,  pervaded 
their  author's  mind:  with  reference  to  Staines  Bridge, 
and  to  bridges  of  the  same  class,  such  an  idea  would 
evidently  be  preposterous,  and  it  is  really  not  less  so 
to  treat  or  to  consider  piers  of  the  relative  capacity  and 
of  the  height  in  the  body, — that  is,  from  the  footings 
to  the  springing  of  the  arches, — of  those  to  Waterloo 
and  London  Bridges  respectively,  in  any  other  light  than 
as  bearing  pillars,  for  they  could  not  resist  for  an  hour 
the  thrust  of  the  arches  upon  them  but  for  the  counter 
thrust  of  the  arches  one  to  another  carrying  the 
thrust  of  every  arch  in  the  series  over  the  heads  of 
the  piers  up  to  the  abutments.  In  this  point  of  view 
the  height  of  the  pier  from  the  top  of  the  footings 
to  the  impost,  or  to  the  springing  of  the  arch,  is  a 
matter  of  no  inconsiderable  importance;  and  it  may 
be  contended  with  good  show  of  reason  that  the  height 
which  the  rise  and  fall  of  the  tide  in  the  Thames  at 
London  renders  it  necessary  to  give  in  some  form  or 
other  to  the  piers  of  the  bridges  upon  it,  places  the 
comparatively  bulky  piers  of  Waterloo  and  London 
Bridges  upon  an  equality  with  the  nominally  slender 
piers  of  the  Bridge  of  Neuilly ;  for  in  truth  the  almost 
total  absence  of  body  (pied-droit)  to  the  pier  in  the 
last -mentioned  work  between  the  high  and  rapidly 
spreading  footings  below,  and  the  low   level  at  which 
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tical  reduction  of  thickness  in  the  piers  far  less  im- 
portant and  far  less  beneficial  to  the  water-way  than 
it  pretends  to  be.  It  is  only  at  and  above  the  ordinary 
level  of  the  water  in  the  Seine  that  the  reduction  appears 
or  exists,  for  below  that  level  the  footings  begin  to 
spread,  and  in  two  courses  the  pier  has  been  increased 
in  bulk  to  but  little  less  than  a  fifth  of  the  whole 
water-way.  It  must  not  be  inferred,  however,  that  no 
benefit  is  derivable  from  the  reduction,  even  as  Perronet 
has  made  it,  for  the  footings  spread  no  more,  nor  does 
the  arch  spring  lower  down  because  of  the  slightness 
of  the  pier  at  the  springing,  so  that  the  water-way 
has  all  the  advantage  arising  from  the  reduction,  the 
other  circumstances  remaining  the  same ;  but  the  full 
extent  of  advantage  derivable  is  denied,  by  the  footings 
not  being  placed  below  the  bed  of  the  river,  and  in 
floods,  by  the  lowness  of  the  level,  with  reference  to 
the  level  of  the  water  in  the  river,  at  which  the  arches 
are  sprung, — an  objection  common  to  almost  all  works 
of  similar  form  and  arrangement  that  have  fallen  under 
observation  in  the  foregoing  remarks. 

That  the  level  of  the  road  upon  a  bridge  may  not 
be  raised  above  the  level  of  the  roads  which  it  con- 
nects more  than  is  absolutely  necessary,  and  that  the 
head-way  under  a  bridge  may  be  as  high  and  clear  as 
it  can  be  made  consistently  with  the  safety  and  utility 
of  the  road-way  over  it,  it  will  be  very  generally  neces- 
sary that  the  bridge  itself  should  rise  from  the  abut- 
ments to  the  middle,  making  the  road -way  on  both 
sides   inclined   planes   to   and  from  the  highest  point. 
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When  this  is  the  case,  the  springing  of  the  arch  or 
arches  at  the  abutments  should  be  assumed  at  the  level 
of  ordinary  high  water,  whether  of  floods  or  spring 
tides,  and  head-way  for  navigation,  or  for  craft  navi- 
gating the  river,  being  taken  under  the  middle  of  the 
bridge  at  the  highest  level  the  water  attains,  it  will 
be  readily  determinable  whether  the  inclination  the 
road-way  must  take  over  the  two  assumed  points  is 
fairly  practicable  under  the  circumstances  or  according 
to  the  situation  of  the  bridge  and  the  facilities  required 
of  it.2° 

It  is  here  taken  for  granted  that  the  chord  of  the  arch 
or  arches  shall  be  one  and  the  same  straight  and  hori- 
zontal line  at  or  above  the  level  of  the  highest  ordinary 
water  in  the  river  the  bridge  is  to  cross,  and  higher  if 
the  water  is  liable  at  any  time  to  rise  high  enough  to 
endanger  the  proposed  structure  in  the  manner  already 
shown, — so  much  higher,  indeed,  that  the  haunches  of 
the  arches  can  never  be  immersed.  The  crown  of  the 
bridge  being  taken,  therefore,  high  enough  to  secure  this 
effect,  as  well  as  to  give  head- way  to  navigation,  and 
adapting  again  the  proposed  inclination  of  the  road- way 
from  it  in  both  directions,  the  intervening  space, — that 
is,  the  height  between  the  level  at  which  the  chord  or 
springing  line  of  the  arches  may  be  taken,  as  above,  and 
the  line  of  the  road-way, — is  to  be  filled  in  with  the 
works  constituting  the  bridge.  Where  this  space  is  very 
shallow,  the  arches  must  be  flat,  and  whether  they  be 
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built  of  semi-elliptic  form  or  in  the  form  of  segments  of 
large  circles  may  depend  upon  taste,  though  the  question 
may,  indeed,  be  determined  independently  of  taste  by 
reference  to  the  practical  question  of  the  strength  or 
power  of  resistance  demanded  by  the  one  or  the  other 
form,  of  the  abutments ;  or  the  space  within  which  the 
arch  must  be  brought  may  be  so  shallow  as  to  require  the 
merely  cambered  arch  used  by  Perronet  at  St.  Maixence. 
How  far  or  under  what  circumstances  the  semi-elliptic 
or  the  segmental  form  may  be  preferable  as  a  matter 
of  taste  will  be  discussed  hereafter ;  the  matter  for  con- 
sideration in  this  place  is,  the  filling  in  with  the  best 
practical  effect  the  most  limited  space  in  height  between 
the  level  at  which  the  arches  may  be  sprung  and  that 
which  the  navigation  requires  above  it  under  the  crown 
of  the  arch  or  arches.  As  there  need  be  no  hmit  to  the 
span  of  an  arch  but  what  the  strength  of  the  stone  used, 
or  its  power  of  resisting  pressure,  imposes, — if  it  were 
not  for  economical  considerations  as  to  centering  to  hold 
up  the  mass  while  in  progress  of  construction,  and  as 
to  abutments  to  restrain  or  uphold  it  when  constructed, 
and  for  considerations  having  regard  to  the  form  of  the 
arch  and  the  rise  of  the  road-way, — in  a  large  proportion 
of  cases  bridges  might  be  limited  to  one  arch,  and  in 
most  instances  bridges  may  be  restricted  to  a  much 
smaller  number  of  arches  than  is  usually  given  to  them. 
There  is,  indeed,  another  consideration  that  may  inter- 
pose to  limit  the  span  of  the  arch  or  arches  of  a  bridge, 
and  that  is,  that  the  greater  depth  of  arch-stone,  or  height 


154  PRACTICAL  TREATISE 

juriously  upon  the  road-way  by  raising  it  higher  than 
it  otherwise  need  be  carried.  It  may  be  more  convenient 
to  increase  the  number  of  arches  in  a  bridge  to  reduce 
the  length  of  the  key  and  the  consequent  rise  of  the 
road-way,  the  head-way  under  the  arch  being  supposed 
straitly  Umited,  but  it  can  seldom  happen  that  this 
should  be  the  better  alternative,  seeing  that,  by  universal 
consent,  —  which  will  not  be  here  disturbed, —  every 
bridge  should  have  an  unequal  number  of  arches,  so 
that  the  number  of  arches  in  a  bridge,  when  increased, 
must  be  increased  two  at  the  least,  and  two  additional 
arches  involve  two  additional  piers,  the  expense  of  which 
may  be  much  better  thrown  into  the  approaches  of  a 
bridge  to  raise  them  and  the  road- way  upon  them,  and 
thus  to  obviate  the  disadvantages  imposed  by  the  great 
length  of  the  key-stone  of  a  large  arch,  than  to  make 
one  arch  three  arches,  three  arches  five,  or  to  increase 
any  greater  number  in  like  proportion.' 

The  reconciliation  of  what  are  in  most  cases  con- 
flicting desiderata,  the  sUghtest  rise  in  the  arch  or  arches 
of  a  bridge  with  slight  thrust  upon  the  abutments,  must 
be  sought  in  curves  for  the  arches  which  may  have  the 
effect  of  turning  horizontal  thrust  into  vertical  pressure 
within  the  smallest  space ;  but  as  strength  in  the  abut- 
ments of  a  bridge  is  attainable  at  a  comparatively  easy 
rate,  it  is  not  worth  while  to  count  upon  the  efficient 
action  in  that  respect  of  any  curve  or  combination  of 
curves  to  save  in  the  abutments  at  the  risk  of  failure 
of  the  whole  structure.  Let  the  abutments  be  so  con- 
structed that  the  materials  of  which  they  are  built  must 
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be  crushed  before  they  can  yield, — taking  care  at  the 
same  time  that  the  materials  which  receive  the  pressure 
shall  possess  the  same  power,  in  their  own  substance,  of 
resisting  pressure  as  the  material  may  possess  of  which 
the  thrusting  and  pressing  arch  is  built.  It  is  desirable, 
therefore,  in  constructing  bridge  abutments  that  may 
have  to  resist  a  very  severe  thrust,  that  resistance  be 
not  sought  in  the  weight  of  the  materials  and  in  the 
holding  or  attachment  of  one  stone  to  another  through 
friction  or  through  the  adhesiveness  induced  by  the  pre- 
sence of  mortar;  the  constructive  arrangement  should 
be  such  as  to  oppose  the  material  itself  to  the  thrust. 

The  direction  of  the  severest  part  of  the  thrust  of  an 
elliptical  or  other  arch  approaching  the  elliptical  form, 
is  in  a  Une  tangent  to  the  flatter  part  where  the  curve 
begins  to  quicken,  or  where  the  upper  curve  may  em- 
brace about  60°  of  the  circle  that  it  most  nearly  ap- 
proximates, and  the  courses  of  the  abutments  should 
be  carried  on  at  right  angles  to  such  line  down  to  a 
firmly  resisting  natural  or  artificial  uncoursed  base :  the 
same  coursing  may  be  made  to  embrace  the  backs  of 
the  stones  of  the  lower  curves,  until  the  centre  of  gravity 
of  the  stones  in  the  face  of  the  arch  fall  within  the  ver- 
tical substructions  of  the  abutments.  The  safest  course 
to  be  pursued  in  abutting  an  arch  whose  form  is  that 
of  a  segment  of  a  circle  less  than  60°,  is  to  carry  on 
the  radiating  courses  to  the  extent  of  60°  of  the  circle, 
and  then  proceed  as  last  indicated.^* 

2*  The  practice  recommended  in  this  paragraph  is  the  most  certain 
for  arches  of  great  size,  but  it  involves  some  disadvantages  in  con- 


156  PRACTICAL  TREATISE 

If  a  bridge  be  carried  over  a  river  with  flat  arches 
of  great  span,  and  the  approaches  require  to  be  con- 
structed at  either  end  to  carry  the  road-way  over  a  flat, 
care  must  be  taken  that  in  the  continuing  arches  the 
power  of  resistance  be  not  diminished  without  first  inter- 
posing sufficient  abutment  constructions  to  the  river 
arches,  or  providing  for  carrying  their  thrust  on  through 
the  land  arches  to  their  abutting  terminations, — either 
adapting  their  form  to  carry  the  thrust  on,  or  running 
the  thrust  down  to  their  bases,  as  last  stated,  and  then 
carrying  it  on  by  inverts.  The  best  and  most  certain 
mode,  however,  is  to  carry  the  thrust  of  the  main  work 
at  once  to  a  firmly  resisting  basis,  and  to  build  whatever 

land  arches  may  be  required  for  the  approaches  inde- 
pendently of  the  main  construction. 

The  flattest  stone  arch  of  large  size  of  which  the 
tangent  of  the  curve  at  the  springing  is  at  right  angles 
to  the  chord  or  span,  is  in  the  bridge  of  the  Trinitk  at 
Florence,  before  referred  to.  The  span  of  the  central 
arch  of  that  bridge  is  95  feet  9  inches,  and  the  rise  15 
feet  1  i  inch,  or  a  little  more  than  two-thirteenths  of  the 
span.     It  is  built  of  marble,  and  no  observable  settle- 

.  ment  has  ever  taken  place  in  it,  or  in  either  of  the  other 
two  arches  which  carry  the  thrust  up  to  the  abutments. 

•  The  flattest  brick  arches  of  large  size  of  which  we  have 
information   are   those   of  the   bridge   that   carries    the 
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Great  Western  Railway  over  the  Thames  at  Maiden- 
head, and  these  have  been  already  stated  to  be  of 
semi-elliptical  form  of  128  feet  span  and  24^  feet  rise, 
the  relation  of  rise  to  span  being  not  so  far  removed 
from  that  which  exists  in  the  Trinitk  as  the  difference 
in  the  density,  or  capabilities  of  resistance,  of  the  ma- 
terials employed  in  the  two  bridges  respectively.  The 
abutments  of  the  Maidenhead  Bridge  are  stepped  on 
raking  benches  on  the  chalk  stratum  upon  which  they 
stand,  and  the  resistance  thus  obtained  seems  to  be 
sufficient. 

Segmental  arches,  or  arches  being  segments  of  circles 
less  than  semicircles,  exercise  a  much  severer  thrust 
than  arches  of  elliptical  form  of  the  same  span  and  rise, 
though,  indeed,  the  segment  must  be  at  the  least  60° 
of  a  circle  before  a  parallel  can  be  drawn,  as  any  semi- 
ellipsis  within  the  rise  of  an  arc  of  less  than  that  pro- 
portion  would  present  little  more  than  corbellings  from 
the  heads  of  the  piers  to  receive  a  merely  cambered 
arch,  and  thus  shorten  the  span  a  little  to  increase  the 
thrust  two-fold.  It  may  be  questioned  whether  the 
thrust  of  an  arch  of  the  form  of  the  Trinitk  arches, 
whose  rise  is  equivalent  to  the  versed  sine  of  an  arc  of 
60°  of  a  circle,  as  apphed,  at  page  45,  ante,  to  the  abut- 
ments of  the  Chester-Dee,  or  Grosvenor  Bridge,  would 
exercise  a  more  nearly  horizontal  thrust  than  the  existing 
arch,  which  consists  of  90°  of  a  circle,  exercises  ;  and  it  is 
the  resolution  of  horizontal  thrust  into  vertical  pressure 
that  is  to  be  sought  in  bridge  arches. 

The  construction  of  the  abutments  of  the   Chester 
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Bridge  is  very  peculiar,  the  vertical  face  or  jamb  of  the 
abutment  on  either  side  being  merely  a  prop  or  shore  to 
the  impost  or  string-course  from  which  the  arch  appears 
to  be  sprung,  whilst  in  reaUty  the  arch  is  carried  on 
by  radiating  courses  until  the  true  span  of  the  arch  has 
reached  230  feet,  instead  of  the  apparent  span  of  200 
feet,  and  the  versed  sine  of  the  arc  has  become  58 
instead  of  42  feet.  Moreover,  the  arch  is  stiffened  by 
the  extension  in  depth  of  the  arch-stones  in  counterfort 
ribs  through  the  spandrels,  and  these  are  in  like  manner 
abutted  by  radiating  courses  which  carry  their  thrust 
down  to  and  against  the  back  piling;  though,  indeed, 
this  piUng  is  driven  vertically,  and  does  not  appear 
therefore  to  be  so  well  adapted  to  its  duty  as  if  it  had 
been  driven  askew  in  a  line  at  right  angles  to  the  bed 
of  the  stones  which  bear  upon  and  press  against  it. 

Mr.  Rennie's  Darlaston  Bridge  (Plates  108  and 
109)  has  radiating  courses  in  the  abutments,  but  it  will 
be  found  upon  reference  to  the  section  (Plate  109)  that 
the  radiating  or  arch-stones  in  the  abutments  go  on  to 
complete  an  arch  of  semi-elliptical  form,  and  spanning 
102  feet,  and  rising  30  feet,  instead  of  being,  as  it  ap- 
pears  upon  the  surface  (Plate  108),  a  segmental  arch 
spanning  85  feet,  and  rising  but  13  feet  6  inches.  The 
real  thrust  of  the  arch  is  here  carried  up  to  the  hori- 
zontally coursed  wing  and  counterfort  walls  which  rise 
from  a  horizontal  bed  of  ground-piled  planking,  upon 
which  the  walls  are  Uable  to  slip,  as  they  are  indeed 
within  their  own  beds  unless  the  courses  are  joggled  in 
the  beds,  which  is  not  very  likely. 
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However  soundly  they  may  be  made,  and  however 
capable  of  sustaining  the  greatest  weight  that  can  be 
brought  to  bear  upon  them,  the  foundations  of  bridge 
piers  and  abutments  need  not  be  loaded  with  the  weight 
of  useless  materials.  The  practice,  until  within  the  last 
thirty  or  forty  years,  was  to  fill  in  the  spandrels  over 
the  haunches  of  arches,  and  over  the  piers  between  the 
face  spandrel  walls,  sometimes  with  earth  or  with  dry 
rubbish,  and  at  best  with  grouted  rubble,  with  the  in- 
tention of  loading  the  haunches  of  the  arches,  and  of 
forming  a  base  for  the  road-way.  When  the  sinking 
of  the  pier  of  Westminster  Bridge  took  place,  the  in- 
jury was  thought  to  have  arisen  in  some  degree  from  the 
weight  of  the  rubble  that  had  been  packed  in  over  it, 
and  over  the  arches  resting  upon  it,  and  the  rubble  was 
therefore  removed,  and  contrivances  were  adopted  for 
carrying  over  the  thrust  of  the  abutting  arches  by  means 
of  a  hollow  culvert,  and  a  back  arch  springing  from 
haunch  to  haunch  over  the  pier.  Perronet  had  recourse 
to  something  of  the  same  kind  at  Orleans  with  the 
sunken  pier  of  M.  Hupeau's  bridge  there.  A  thorough 
perforation  or  cylindrical  culvert  was  a  favourite  mode 
with  Mr.  Smeaton  of  hghtening  the  weight  on  the  piers, 
and,  it  would  appear,  of  adding  to  the  water-way  also, 
though  far  too  high  up  to  be  of  use  in  that  respect, 
whilst  the  arrangement  was  of  no  value  in  carrying  the 
thrust  of  the  arches  from  one  to  another.     Mr.  Telford 
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rubble,  or  rubbish,*^  the  walls  running  longitudinally  of 
the  bridge,  through  the  spandrels,  and  over  the  piers 
up  to  the  abutments,  parallel  to  the  outer  face  walls 
which  carry  the  parapets.  "  These  walls,"  says  Mr.  Tel- 
ford, "  are  placed  from  2  to  3  feet  apart,  and  are  made 
from  18  inches  to  3  feet  in  thickness,  according  to  their 
height  and  the  nature  of  the  materials  of  which  they  are 
composed," — that  is  to  say,  diminished  to  about  18 
inches  from  whatever  greater  thickness  the  height  may 
require, — and  *'  they  are  kept  steady  by  laying  long 
stones  occasionally  across  from  one  wall  to  another," — 
or  by  bonding  them  to  one  another  and  to  the  outside 
or  faced  spandrel  walls  by  long  stones  at  intervals  when 
the  height  requires  it;  but  Mr.  Telford's  plan  seems 
to  have  been  still  to  fill  in  the  lowest   angle   of  the 


22  In  his  description  of  Tongueland  Bridge,  Mr,  Telford  says,  "  In 
the  spandrels  (instead  of  filling  them  with  earth)  were  built  a  number 
of  longitudinal  walls,  in  fact,  interior  spandrels,  their  ends  abutting 
against  the  back  of  the  arch- stones  and  the  cross  walls  of  each  abut- 
ment :  these  longitudinal  walls  are  connected  and  steadied  by  the 
insertion  of  tie-stones,  and  at  a  proper  depth  under  the  road-way  the 
spaces  between  them  are  covered  with  flat  stones,  so  as  to  form  a  plat- 
form for  the  road ;  and  in  these  spaces  are  arched  openings  for  occa- 
sional examination  and  repair  (if  ever  it  became  necessary).  I  have 
ever  since  practised  this  mode  in  order  to  lessen  the  weight  incumbent 
upon  large  arches,  and  the  pressure  outwards  against  high  wing- walls 
and  spandrels ;  whereas  formerly  they  were  filled  with  soft  spongy 
earth  or  clay,  in  consequence  of  which,  at  the  bridge  originally  built 
over  the  North  Loch  at  Edinburgh  (and  also  at  other  places),  the  side 
waUs  have  been  pressed  outwards,  and  actually  thrown  down." — Life 
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spandrels  and  to  some  distance  up  the  haunches  with 
closely  packed  rubble,  as  shown  in  his  disciple,  Mr. 
Nimmo's,  practice  in  the  Wellesley  Bridge  at  Limerick.^ 
The  longitudinal  spandrel  walls  are  shown  in  the  trans- 
verse section  of  the  Wellesley  Bridge,  with  the  bearing 
stone-beams  or  landings  covering  them  and  supporting 
the  road-way;  and  such  landings  being  of  sufficient 
strength,  or  the  bearing  being  brought  within  their 
strength  by  corbelling,  they  are  better  than  arches 
turned  from  wall  to  wall,  because  they  have  no  lateral 
thrust,  as  arches  have,  and  no  tendency,  therefore,  to 
force  out  the  spandrel  walls  of  the  faces :  and  moreover, 
if  the  joints  of  the  stones  are  effectually  stopped,  the 
backs  of  the  bridge  arches  may  be  thereby  protected 
from  access  of  water  by  the  road-way,  an  advantage  that 
can  hardly  be  bought  too  dearly.  But,  as  landings  to 
bear  across  under  a  carriage  road-way  may  not  be 
procurable  of  proper  quality,  arches  may  be  turned 
under  the  carriage  road,  and  Mr.  Telford  recommends 
the  lancet  pointed  arch,  because  of  its  slight  lateral 
pressure.  The  bonding  which  Mr.  Telford  speaks  of 
between  the  longitudinal  walls  cannot  be  of  much  value, 
however,  except  perhaps  that  the  bonding  stones  may 
serve  as  struts  to  steady  the  walls  when  they  are  of 
rough  rubble  masonry,  but  when  brick-work  or  coursed 
masonry  is  used  for  the  inner  spandrel  or  haunch  walls 

^  See  Plate  55  in  the  longitudinal  section,  and  in  the  transverse 
section  through  the  spandrel  of  an  arch,  where  the  rubble  over  the  pier 
and  upon  the  haunches  of  the  arches  under  the  longitudinal  spandrel 
walls  is  exemplified. 


162  PRACTICAL  TREATISE 

Buch  steadying  ought  to  be  unnecessary,  and  the  con- 
nexion between  the  outer  face  walls  and  the  curb-stone 
springing  walls  may  be  better  made  by  short  cross  walls 
as  counterforts,  within  the  length  of  which,  being  the 
width  of  the  foot  pavement,  the  thrust  of  the  inner 
arches  would  be  dissipated.  It  will  be  obvious,  too, 
that  although  the  solid  rubble  over  the  pier,  and  the 
longitudinal  walls  extending  from  arch  to  arch,  as  in 
the  Wellesley  Bridge,  must  have  some  effect  in  carrying 
the  thrust  of  the  bridge  arches  over  the  head  of  the  pier 
and  into  one  another,  it  is  only  by  weight  and  friction 
that  the  material  can  act ;  unless,  indeed,  the  backs  or 
tails  of  the  arch-stones  were  cut  to  present  a  vertical 
heading  joint  to  abut  the  courses  of  the  walUng,  when 
the  means  of  conveying  the  thrust  would  certainly  be 
something  more  than  mere  weight  and  friction,  as  in 
the  example  last  alluded  to,  according  to  the  representa- 
tion given  of  it.  Mr.  Rennie's  practice  at  Waterloo  and 
London  Bridges  developes  a  different,  and  in  some 
respects  a  better,  method  of  effecting  this,  the  lowermost 
courses  of  the  great  arches  being  mutually  abutted  or 
strutted  over  the  centre  of  the  pier  by  horizontally 
coursed  gauged  masonry,  carried  up  until  the  flat  upper 
curve  of  the  semi-elliptical  arches  begins  to  quicken  into 
the  lower  and  quicker  curves  of  the  haunches,  when 
an  invert,  springing  from  the  tails,  or  back  ends,  of  the 
arch-stones  of  the  haunches,  and  backing  on  the  hori- 
zontal courses  over  the  centre  of  the  pier,  carries  the 
thrust  across  in  a  very  sound  and  efficient  manner. 
Something  of  the   same   kind   had  been  done   by  Mr. 


ON  BRIDGE  BUILDING.  16S 

Mylne  at  Blackfriars,  but  the  invert  appears  to  be 
used  there  rather  to  distribute  the  weight  of  the  arches 
over  the  centre  of  the  piers  than  to  carry  the  thrust 
of  the  arches  over  for  the  purpose  of  leading  it  up  to 
the  abutments,  though  a  level  gauged  course  is  intro- 
duced in  the  line  of  the  chord  of  the  invert,  which  has 
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that  effect  in  some  degree.  This  level  course  acts  too 
exclusively,  however,  on  one  course  of  the  main  arch- 
stones  to  produce  much  valuable  effect,  if  called  upon 
to  act  at  alt ;  for  it  is  with  arches  of  slight  rise,  rather 
than  with  the  almost  semi-cylindrical  arches  of  Black- 
friars' Bridge,  that  it  is  so  important  to  lead  the  thrust 
through  and  up  to  the  abutments.'" 

'*  It  would  appear,  nevertheless,  from  contemporary  documents,  that 
Mr.  Mylne  introduced  the  counter  or  inverted  arch  alluded  to,  for  the 
purpose  of  carrying  the  thruat  over  the  heada  of  the  piers,  and  it  was 
objected  to  it,  with  good  reason,  that  the  rubble  work  with  which  it  was 
proposed  to  heart  the  piers,  or  rather  the  spandrels  at  the  back  of  the 
invert  down  to  the  piers,  might  settle,  and  render  the  counter  arches 
useless.  In  his  answer  to  the  questions  proposed  to  several  eminent 
mathematicians  by  the  Committee  for  building  Blackfriars'  Bridge,  in 


164  PRACTICAL  TREATISE 

In  Waterloo  and  London  Bridges  the  internal  haunch 
or  spandrel  walls  above  the  invert  last  spoken  of  are  of 
brick-work,  their  duty  being  reduced  to  the  support  of 
the  road-way ;  and  as  the  mere  weight  of  the  road-way 
materials,  and  of  the  greatest  traffic  load  that  the  bridges 
can  ever  be  called  upon  to  sustain,  is  trifling,  having 
reference  to  the  power  such  structures  possess,  or  should 
possess,  the  fact  that  longitudinal  spandrel  walls  impose 
the  weight  of  the  upper  works  upon  parts  only  of  the 
arches,  and  do  not  spread  it  over  the  whole  surface, 
is  evidently  not  of  serious  importance,  or  some  evil 
consequence  would  have  been  developed  by  this  time, 
by  the  sinking  or  otherwise  of  the  parts  of  the  bridge 
vaults  in  which  they  have  been  used,  where  the  bearings 
are  placed.  It  suggests,  nevertheless,  that  bridges  of 
the  highest  class  may  be  greatly  reduced  in  cost  by 
their  arches  being  turned  in  ribs,  showing  bays  or  coffers 
in  the  soffits,  the  ribs  being  connected  by  bonding  stones 
at  intervals  to  secure  the  equable  settling  of  the  whole 
vault,  if  cause  be  given  for  settlement  at  all.  By  such 
an  arrangement  one-third  at  the  least  of  the  stone  in 
a  vault  could  be  spared,  and  a  considerable  further 
saving  would  result  in  the  centering,  whilst  the  piers 
would  be  relieved  of  much  useless  weight.  The  whole 
useful  service  of  a  bridge  is  to  carry  a  road-way,  and 
Mr.   Telford's  system   of   longitudinal    spandrel    walls 

1760,  Mr.  Joseph  Martyr,  one  of  the  mathematicians  referred  to,  says — 
**  In  this  counter  arch  I  apprehend  much  weakness :  it  bearing  on  weak 
materials  [rubble  work]  above  the  piers,  will  sink  into  them  and  be 
discharged  of  the  lateral  pressure  it  was  intended  to  support." 
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shows  that  the  road-way  may  be  efficiently  carried  by 
less  than  half  the  constructions  of  a  vault ;  for  although 
the  bonding  which  tends  to  distribute  equably  the 
pressure  of  the  arch  within  itself,  and  to  check  irregular 
settlement,  has  some  effect  also  in  distributing  the  weight 
imposed  upon  parts  of  the  arch  over  the  general  mass, 
it  is  truly  the  arch-stones  upon  which  the  spandrel  walls 
rest  that  bear  their  weight  and  the  weight  they  bring 
with  them;  the  weight  acts  upon  the  arch-stones  ver- 
tically when  these  stones  are,  as  they  always  ought  to  be, 
single  or  thorough;  vertical  pressure  is  not  conveyed 
collaterally ;  and  therefore  the  stones  lying  between  those 
receiving  the  weight  are  not  acted  upon  in  the  same 
manner,  nor  to  the  same  extent.  The  system  here  sug- 
gested is,  indeed,  that  which  prevails  in  timber  and  iron 
erected  bridge  works,  and  it  seems  almost  as  unreason- 
able to  make  a  bridge  arch  one  continuous  mass  of 
masonry  or  brick-work,  as  it  would  be  thought  to  put 
ribs  of  timber  or  of  iron  in  close  contact  across  the  whole 
transverse  section  of  a  bridge,  instead  of  placing  them 
at  sufficient  intervals  to  give  strength  enough  to  do  the 
duty  required  with  the  requisite  or  expected  degree  of 
permanence.  But  something  of  the  kind  proposed  has 
been  practised  in  several  instances,  suggested  by  the 
necessity  of  the  cases  in  which  they  occur,  or  perhaps 
by  the  recognized  importance  of  avoiding  unnecessary 
expense.  Mr.  Gibbs's  bridge  over  the  Croydon  Railway, 
at  Plate  40,  is  one  of  the  instances  alluded  to.  This 
bridge  traverses  the  railway  obliquely,  and  instead  of 
thorough  parallel  abutments   or  springing  walls,   with 
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unsightly  obliquity  in  every  direction,  and  an  equally 
unsightly  askew  arch  resting  upon  them,  built  at  great 
additional  expense,  or  made  infirm  to  avoid  expense, 
this  bridge  is  built  in  bays  transversely ; — what  might  be 
merely  wing  and  counterfort  becoming  springing  and 
abutment  walls,  to  a  series  of  ribs  arranged  in  plan  to 
suit  the  degree  of  obliquity.  The  arrangement  referred 
to  is  even  better  adapted  for  bridges  to  carry  railways 
than  for  horse-carriage  road  bridges,  as  the  arched  ribs 
may  be  made  to  fall  where  alone  support  is  wanted  in 
railway  bridges, — under  the  lines  of  rails. 

Bridge  works  of  masonry  or  of  brick-work  are  sus- 
ceptible of  another  variation  from  the  common  practice, 
whereby  the  internal  spandrel  or  haunch  walls  themselves 
may  be  rendered  in  a  great  degree  unnecessary,  whilst 
a  great  part  of  the  thrust  would  be  carried  through  a 
series  of  arches  to  the  abutments  in  a  more  direct  line 
than  by  the  curved  or  undulating  line  which  the  inverted 
or  counter-arch  over  the  pier  involves ;  the  vibrations 
arising  from  heavy  carriages  upon  the  road-way  would 
be  more  effectually  checked  than  by  the  spandrel  walls, 
the  piers  might  be  lightened,  and,  generally,  great 
economy  in  the  construction  effected.  It  consists  of 
a  central  longitudinal  groining,  which  can  be  executed 
in  a  cheaper  material  than  the  piers,  the  outer  faces, 
and  the  main  structure  of  the  bridge  arches  may  consist 
of,  being  less  exposed  to  pressure  and  to  the  weather  than 
they  are.  A  work  of  free-stone  might  have  the  more 
important  bearing  parts  of  a  better,  and  the  central  lon- 
gitudinal groining  of  an  inferior,  quality  of  stone,  both  as 
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to  texture  and  colour ;  or  the  central  groining  might  be 
even  of  rubble,  or  indeed  of  brick-work ;  and  when  the 
main  constructions  —  the  piers,  the  faces,  and  outer 
or  main  ribs — are  of  granite,  the  central  groining  might 
be  of  good  free-stone,  as  the  hearting  is  now  made  when 
granite  is  used  in  face.  The  difference  suggested  is 
perfectly  justifiable  as  a  matter  of  constructive  propriety, 
since  the  inner  groined  arch  would  not  be  exposed  to 
the  same  degree  of  pressure  as  the  main  constructions, 
and  it  would  be  less  exposed  to  the  corroding  action 
of  the  weather,  though  the  groin  points  and  the  returns 
for  springing  the  groined  longitudinal  arch  should  be 
always  of  the  stronger  material. 

The  arrangement  above  suggested  is  slightly,  and  but 
shghtly,  indicated  in  Perronet's  bridge  at  St.  Maxence, 
where  indeed  whatever  weakness  could  possibly  arise 
from  the  introduction  of  a  groining  in  the  longitudinal 
section  of  a  bridge,  and  which  Ues  in  the  division  of 
the  pier  into  two  parts,  is  exaggerated  by  the  distorted 
form  given  to  the  divided  parts  of  the  pier,  and  by  the 
introduction  of  small  transverse  arches  within  the  spring- 
ings  of  the  main  arches,  so  as  to  throw  their  weight, 
and  consequently  the  weight  of  the  whole  superstructure, 
upon  mere  points  in  the  piers.  Plate  39  will  illustrate 
the  practice  referred  to,  and  show  what  is  suggested. 

The  next  question  for  consideration  is  the  relation  as  to 
depth,  or  length  in  the  direction  of  the  radii,  that  the  arch- 
stones  of  a  bridge  arch  should  bear  to  its  span  and  rise ; 
and  this,  like  the  former  questions  as  to  constructive 
composition,  must  here  be  considered  empirically. 
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In  the  whole  direct  sweep  of  an  arch  there  is  no  one 
stone  of  greater  or  of  less  importance  to  the  stability  of 
the  structure  than  any  other :  if  a  springer  or  a  haunch- 
stone  should  fail  for  want  of  sufficient  extent  of  bed,  or 
for  want  of  sufficient  denseness  of  texture  in  the  material, 
the  arch  must  as  assuredly  fail  as  if  the  key-stones  were 
crushed  by  the  pressure  upon  them  of  the  two  halves 
of  the  arch.  If  it  be  considered  that  the  aim  in  arranging 
and  constructing  a  stone  bridge  is  to  produce  the  nearest 
approach  that  can  be  made,  by  shaping,  combining  and 
connecting  the  main  constituent  material,  to  a  figure  of 
the  best  adapted  form  hewn  out  of  a  solid  mass  of  the 
same  substance,  and  reduced  to  the  minimum  of  quantity, 
— the  form  and  quantity  requisite  to  the  desired  eflfect 
being  ascertained  and  determined  by  mathematical  in- 
vestigation,— it  will  readily  appear  how  important  it  is 
that  every  care  should  be  taken  to  combine  the  parts 
in  such  manner  as  to  produce  immobiUty.  Mathematical 
resolutions  are  valuable  in  the  composition  of  bridges 
in  proportion  to  the  excellence  of  the  work  to  be  applied 
in  their  construction,  or  rather,  perhaps,  to  the  unyield- 
ingness that  can  be  produced  in  the  construction,  what- 
ever may  be  the  process ;  but  it  is  quite  certain  that  any 
movement  of  the  parts,  or  in  the  parts,  not  premised,  or 
not  exactly  as  premised,  must  destroy  all  confidence 
in  arrangements  as  to  form,  quantity,  or  position,  esta- 
bUshed  on  mathematical  bases.  The  crowns  of  the 
arches  of  Perronet's  Neuilly  Bridge  sank  23  inches, 
so  that  if  the  curve  of  equilibration  due  to  the  structure 
fell  within  the  substance  of  the  arches  as  constructed. 
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it  must  be  now  very  much  out  of  its  place  with  regard 
to  the  great  bulk  of  the  material  used  in  the  construc- 
tion of  the  arches  respectively ;  and  whatever  value  was 
attachable  to  the  particular  curves  laid  down  for  the 
arches  is  necessarily  lost,  or  transferred  to  the  hap- 
hazard curves  into  which  the  stones  settled  down.  But 
there  was  no  necessity  for  the  effect  that  happened : 
the  piers  did  not  sink  with  the  weight  of  the  arches, 
for  they  had  borne  them  with  the  weight  of  the  centering 
added  to  that  of  the  arches,  and  the  abutments  could  not 
have  yielded,  for  if  they  had  moved  at  all,  nothing 
existed  to  prevent  them  from  going  far  enough  to  let 
the  arches  down  altogether : — it  was  simply  bad  masons* 
work  in  the  beds  of  the  arch-stones,  which  admitted, 
or  rather  required,  mortar,  and  other  compressible 
packing,  in  the  joints,  to  supply  the  place  of  solid  stone 
that  had  been  cut  away  from  the  beds  of  the  arch- 
stones. 

The  arches  of  London  Bridge  are  flatter  in  the  relation 
of  rise  to  span  than  those  of  the  bridge  of  Neuilly,  and 
are  of  greater  extent,  but  they  settled  down  at  the  crown 
not  more  than  a  tithe  of  the  extent  stated  of  the  latter. 
There  is  no  other  reason  why  this  should  have  been  so, 
but  that  referred  to ; — the  difference  between  good  and 
bad  masons'  work.  But,  in  neither  of  these  cases  would 
settlement  have  taken  place  if  sufficient  time  had  been 
allowed  before  the  striking  of  the  centres  to  allow  the 
mortar  to  indurate  to  the  degree  requisite  to  enable 
it  to  withstand  the  pressure  without  yielding,  as  good 
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that  had  to  be  resisted  in  either  of  the  instances  referred 
to,  though  the  time  would  be  long  in  proportion  to 
the  thickness  of  the  mass  and  the  degree  of  induration 
required  to  withstand  the  pressure  in  each  particular 
case,  and  though  the  mortar  might  never  acquire  one- 
tenth  the  degree  of  hardness  of  the  stone  set  in  it.^ 

The  objections  stated  in  the  Prehminary  Essay  to  this 
Treatise  to  brick-work  and  rubble  masonry  in  bridge 
constructions,  because  of  the  large  proportion  of  mortar 
required  to  both,  have  reference  to  the  strength  of  the 
main  constituent  in  each  class  of  construction,  brick  and 
stone,  and  the  remarks  introduced  are  intended  to  show 
that  reliance  is  not  to  be  placed  upon  such  work  beyond 
what  may  be  due  to  the  power  of  the  mortar  to  resist 
pressure.  Mortar  and  concrete,  when  properly  com- 
posed and  well  compounded,  acquire  in  time  many  of 
the  qualities  of  ordinary  free-stones,  and  a  bridge  might 
be  formed  or  cast  in  a  connected  homogeneous  mass 
of  either  substance  that  with  suflicient  time  would  be 
better  and  more  enduring  than  a  constructed  work  of 
stone  of  like  quality ;  but  within  the  time  required  for 
induration  such  moulded  formation  must  remain  cased  in 
its  moulds  and  supported  by  artifice.  To  shorten  the 
period  of  induration  and  to  render  casing  unnecessary,  by 
depriving  the  mass  of  fluidity,  the  mortar   is   reduced 

2*  Perronet  says  that  the  operation  of  striking  the  centres  of  the 
bridge  at  Neuilly,  by  the  removal  of  the  immediate  support  of  the 
arches,  was  commenced  eighteen  days  after  the  key-stones  had  been 
put  in  their  places! — M^moire  sur  le  Cintrement  et  le  Ddcintrement 
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to  the  smallest  possible  quantity,  by  the  admixture  with 
it  of  already  indurated  substances,  as  bricks,  or  as  stone 
in  the  form  of  rubble ;  and  that  the  best  effect  of  which 
they  are  capable  may  be  derived  from  the  presence  of 
these  substances,  they  are  artificially  arranged  by  bonding, 
and  so  as  to  reduce  the  mortar  into  as  nearly  parallel 
plates  as  the  forms  in  which  the  substances  present 
themselves  will  permit ;  preserving,  nevertheless,  the 
perfect  connexion  of  the  mortar  with  itself  within  the 
substance  of  the  work,  since,  in  this  view  of  the  case, 
the  mortar  is  the  basis  and  main  constituent  of  construc- 
tion, upon  the  power  of  resistance  of  which  the  retention 
of  the  form  given  to  the  composition  in  which  it  is 
employed  entirely  depends.  Let  such  a  composition  be 
supported  by  unyielding  centering  until  the  mortar  shall 
have  indurated  sufliciently  to  hold  its  own  when  exposed 
to  the  remaining  load  of  the  upper  works  and  road- way, 
and  to  the  weight  and  vibratory  action  of  the  intended 
traffic,  in  addition  to  that  inherent  in  itself,  and  not  the 
slightest  settlement  of  the  so-formed  arch  will  take 
place ;  and  such  an  arch,  moreover,  will  be  more  perfect 
and  more  immediately  trustworthy  than  one  built  of 
strong  stone  imperfectly  wrought  in  the  beds,  or  wrought 
with  open  joints  and  committed  to  the  packing  and 
bedding  mortar  while  this  is  in  a  comparatively  green 
state,  as  the  latter  would  settle  and  the  former  would 
not.^ 
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When  the  circumstances  of  the  case  are  such  that 
rubble  masonry  depending,  as  above  stated,  upon  the 
mortar,  is  strong  enough  to  carry  and  resist  all  that  is 
required, — and  for  ordinary  road  bridges  this  will  often 
be  the  case, — the  work  may  with  advantage  be  protected 
on  each  face  from  the  wind  and  rain,  by  quoin  and 
archivolt  ribs  of  wrought  and  gauged  masonry.  These 
should  bond  themselves  by  headers  into  the  rubble  work 
of  the  soflSt  of  the  arch,  and  being  bonded  together 
across  the  whole  breadth  of  the  soffit  at  intervals  by 
parallel  gauged  courses,  of  which  the  stones  may  with 
advantage  be  cramped  together  to  effect  a  transverse 
tie,  the  rubble  work   would   be  framed,   and  resolved 

yieldingness  of  unindurated  mortar.  Upon  an  investigation  of  the  state 
and  condition  of  the  noble  church  of  St.  Mary  RedclifFe  at  Bristol,  the 
beautiful  attached  tower  was  found  to  be  curved  outwards  upon  all 
its  faces  beyond  the  line  of  the  vertex,  to  the  extent  of  6  inches  in 
50  feet ;  that  is  to  say,  the  walls  of  the  tower,  instead  of  being  upright, 
are  bowed  outwards  in  an  arc  whose  versed  sine  is  6  inches,  the  length 
of  the  chord  or  true  face  of  the  wall  being  100  feet;  whilst,  at  the  same 
time,  the  walls  and  buttresses  of  the  church,  where  there  is  no  settle- 
ment of  the  ground  under  them,  remain  perfectly  upright.  Now  the 
walls  of  the  tower  consist  of  close-jointed  gauged  masonry  on  the  outer 
faces,  hearted  and  backed  up  to  the  inside  with  coursed  rubble,  whilst 
the  walls  of  the  church  are  substantially  of  gauged  masonry  throughout, 
both  faces  being  wrought ;  and  bonding  stones  occur  so  constantly  as 
to  connect  them  perfectly,  and  take  off  all  dependence  upon  any  rubble 
hearting.  Hence  it  would  appear  that  the  rubble  hearting  and  backing 
of  the  walls  of  the  tower  yielded  to  the  weight  of  the  superstructure  as 
it  accumulated,  whilst  the  wrought  masonry  of  the  outer  faces,  being 
incompressible,  was  forced  to  assume  the  longer  curved  line,  to  adapt 
itself  to  the  rubble ;  and  as  the  backing  is  of  the  same  sort  of  stone 
as  the  ashlar  facing,  it  was  the  larger  mass  of  yet  unindurated  mortar 
that  became  compressed,  and  occasioned  the  imperfection  that  exists. 
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by  the  framing  into  coffered  panels.  Arches  may,  how- 
ever, be  built  of  wrought  and  gauged  masonry,  disposed 
in  ribs  at  intervals  transversely,  to  make  up  the  breadth 
of  a  bridge,  as  before  suggested,  instead  of  continu'ous 
vaults,  so  cheaply, — especially  where  strong  landings  to 
cover  them  can  be  procured  at  an  easy  rate, — as  to 
make  it  not  worth  while,  for  works  of  any  pretence,  to 
use  the  inferior  composition  with  the  greater  weight  that 
its  continuous  mass  imposes  upon  the  piers,  considering 
its  greater  liability  to  degradation  and  decay  from  the 
agencies  to  which  bridge  works  are  exposed. 

A  large  proportion  of  the  substance  required  in  the 
crowns  of  bridge  arches  might  be  dispensed  with  if  such 
works  were  not  liable  to  be  acted  upon  violently  by 
heavy  bodies  in  motion,  and  more  particularly  in  rapid 
motion.  It  is  desirable,  therefore,  to  make  such  arrange- 
ments as  may  tend  to  reduce  the  effect  of  this  vibratory 
action  to  the  lowest  possible  degree,  and  to  distribute 
what  may  remain  over  the  greatest  possible  extent  of 
surface,  that  its  effect  may  be  reduced  to  harmlessness, 
if  it  be  not  wholly  dissipated.  How  far  the  nature  of  the 
case  will  allow  this  to  be  done  must  be  considered  in 
determining  the  substance  to  be  given  to  the  structure 
of  the  crowns  of  the  arches  of  a  bridge,  and  particularly 
the  depth,  or  length  vertically,  to  be  given  to  the  keying 
courses ;  for  the  power  of  resistance  to  the  pressure 
induced  by  the  mere  weight  of  the  structure  itself,  and  of 
the  load  that  can  be  brought  upon  a  bridge,  of  any  stone 
that  will  withstand  the  action  of  water  and  tK^  --' 
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most  part  of  necessity  exposed,  is  so  great  as  to  allow  of 
the  structure  being  made  exceedingly  slight,  if  the  stones 
are  brought  together  with  truth,  and  adapted  in  their 
fortn  to  the  form  of  the  arch,  every  stone  bearing  in 
itself  the  proportion  between  the  inner  and  outer 
peripheries  of  the  substance  of  the  arch  where  it  occurs. 
It  must  be  considered,  too,  what  portion  of  the  arch  will 
press  upon  the  key-stone  course,  and  in  what  degree, 
taking  it  as  a  general  rule  that  stones  wrought  with  that 
degree  of  smoothness  which  should  be  given  to  the  beds 
of  arch-stones,  begin  to  slip  upon  one  another  when  the 
bed  or  inclined  face  is  at  an  angle  of  30°  with  the 
horizon,  the  beds  being  free  from  either  lubricating  or 
adhesive  substance  to  facilitate  motion  or  to  restrain 
it.  With  the  tendency  to  slip  commences  the  pressure 
of  the  arch-stones  upwards ;  but  as  no  course  in  an 
arch,  not  even  that  next  the  key,  can  press  with  the 
whole  of  its  gravitating  force  upwards,  the  pressure 
communicated  to  the  key-stone  course  can  only  be 
a  part,  and  a  calculable  part,  of  the  weight  of  those 
portions  of  the  arch  which  press  upwards  at  all; 
such  portions  being  limited  in  a  semicircular  arch  to 
two- thirds  of  the  whole  quantity  as  a  maximum. 
Moreover,  the  adhesiveness  induced  by  the  presence 
of  mortar  in  the  beds  of  the  stones  will  carry  the 
angle  of  friction  much  higher  up  than  the  angle  above 
indicated,  and  the  bonding  of  horizontal  courses  in 
the  spandrels  tends  to  further  this  effect,  whilst  these, 
combined  with  joggles  in  the  beds,  may  be  made  so 
greatly  to  reduce  the  pressure  towards  and  upon   the 
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key-stone  course,  and  within  the  crown  or  the  upper 
and  flattest  parts  of  an  arch,  as  to  ease  the  centering 
in  a  very  great  degree  of  the  eflfect  of  a  load  in  the 
haunches,  and  free  the  key-stone  course  at  the  same 
time  from  so  much  undue  pressure.  Such  considerations 
may  have  their  weight  when  circumstances  dictate  the 
use  of  stone  of  inferior  strength  and  in  blocks  of  small 
sizes ;  but  with  a  strong  material,  and  a  sufficiency  of 
means  to  apply  labour  enough  to  insure  perfect  work  in 
the  beds,  it  will  be  enough  to  derive  from  them  greater 
confidence  in  reducing  the  thickness  of  the  crown  of 
an  arch  to  the  lowest  degree  consistent  with  perfect 
security  in  every  respect,  and  with  a  due  regard  to  the 
durability  of  the  work. 

As  the  position  in  an  arch  of  the  key- stone  course 
is  such  as  to  require  that  it  should  not  be  deeper  than 
the  various  circumstances  connected  with  the  material, 
the  structure,  and  the  duties  imposed  upon,  and  the 
services  required  of  it,  demand,  the  depth  or  length  of 
the  key  determines  the  substance,  or  the  limit  of  thick- 
ness, of  the  crown  of  an  arch  ;  since  all  the  other  courses 
in  the  crown — supposing  the  road-way  not  to  fall  more 
rapidly  at  least  than  the  arch  rises — may  be  certainly  as 
deep  as  the  key-stone  course  without  any  inconvenience, 
and  for  the  most  part  they  may  be  increasingly  deeper,  if 
it  be  deemed  necessary  to  make  them  so.  But  the 
circumstances  are  so  various  that  no  general  rule  can 
be  established,  and  every  individual  case  must  be  settled 
with  regard  to  its  particular  circumstances,  having 
reference    to    the    various    considerations    hereinbefore 
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suggested.  The  span  of  the  arch  is  necessarily  an 
important  point,  but  the  rise,  and  the  form  in  which 
the  rise  takes  place  in  reference  to  the  span,  the  strength 
or  power  of  resisting  pressure  of  the  stone  or  other 
material  to  be  employed,  the  quality  of  the  work  to  be 
applied  in  dressing,  or  otherwise  forming,  the  beds  and 
bringing  the  parts  together,  the  stress  and  the  vibrations 
to  which  the  completed  structure  may  be  liable,  and  the 
means  to  be  used  and  applied  in  distributing  weight  and 
dissipating  shocks  or  other  tendencies  to  disturbance, 
must  be  all  considered  in  relation  to  the  span  and  to 
one  another.  The  bridge  over  the  Serpentine  water  in 
Hyde  Park  and  Kensington  Gardens  may  be  loaded  with 
human  beings,  and  horses  and  other  cattle  may  trot  or 
even  canter  and  gallop  over  it,  but  it  is  protected  from 
the  action  of  wheeled  carriages  heavier  or  faster  than  the 
road-makers'  or  scavengers'  carts  at  long  intervals ; — 
the  Maidenhead  Railway  Bridge  is  free  from  liability  to 
be  heavily  loaded  by  concourses  of  men  or  by  herds  of 
cattle,  but  is  exposed  to  the  powerful  action  of  the  twenty- 
ton  locomotive  engine  with  its  enormous  train  in  rapid 
and  agitating  motion; — and  London  Bridge,  with  its 
mixed  and  generally  most  exciting  traflSc ; — these  admit 
of,  and  indeed  require,  very  different  modes  of  treatment. 
The  heaviest  load  in  dead  weight  that  a  bridge  can 
be  exposed  to  is  that  arising  from  a  dense  crowd  of 
men,  and  the  most  exciting  action  that  a  body  of  men 
can  induce  in  using  a  bridge  arises  from  the  march  of 
troops ;  but  this  could  not  be  felt  by  a  constructed 
work  of  brick  or  stone,  because  of  the  distribution  of 
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the  action,  and  the  consequent  diffusion  of  the  effect, 
and  of  the  absence  of  concussion  attending  that  action 
that   could   be  felt  in  a  mass  of  dense  and  practically 
inelastic  materials.     The  weight  of  the  materials  pressing 
upon  the  parts  of  the  arches,  whether  within  themselves 
or  in  the  upper  works  and  road-way,  and  the  weight  of 
as  many  adult  human  beings  as  could  stand  crowded 
together    upon    that    part    of   the    road-way   over  any 
particular  arch,  will  give  the  greatest  stress  the  work  is 
likely  to  be  subjected  to  in  the  case  of  a  bridge  like  that 
over  the  Serpentine ;   but  it  would  be  unwise  to  cover 
that    effect    merely,    and    three    times    the    substance 
requisite  to  do  so  will  not  be  too  much  to  embrace  all 
contingencies.     The  case  of  a  railway  bridge  admits  of 
easy  calculation  as  to  the  heaviest  weights  to  which  an 
arch    may    be    liable,   and   the   concussive   action   and 
vibratory  effect  of  the  load  should  be  met  and  counter- 
acted, at  the  same  time  that  the  weight  is  distributed,  by 
means   for   diffusing   it,  and  so  destroying  its  exciting 
eflfect.     Longitudinal  spandrel  or  haunch  walls  tend  to 
do  both,  and  if  these  are  coped  with  long  stones  as  trams, 
and   the   rails   bear   upon   the  trams  with  longitudinal 
sleepers  of  timber  intervening,  the  timber  being  of  large 
scantling  to  distribute  the  weight  as  a  wall  plate  does, 
the  shock  of  the  concussive  action  of  the  engines  will  be 
diffused  over  the  whole  substructure.      London  Bridge 
cannot  be  loaded  more  heavily  than  by  men  in  a  dense 
crowd;  but,  as  with  a  railway  train,  particular  points  upon 
it  may  be  loaded  greatly  beyond  what  can  be  imposed 
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also, — superabundant  strength  being  provided  to  cany  the 
weights  that  may  be  brought  to  bear  upon  the  constitu- 
ent materials, — means  should  be  adopted  to  distribute  the 
weight  and  to  diffuse  the  effect  of  concussions  arising 
from  heavily  laden  waggons  and  fast  and  heavy  carriages, 
as  stage  coaches  and  omnibuses.  The  whole  should  be 
floored,  in  a  direction  parallel  to  the  intended  surface  of 
the  road-way,  by  landings  bearing  upon  the  longitudinal 
haunch  walls,  and  clear  of  the  structure  of  the  arch  in 
every  case,  to  distribute  the  weight  equably,  whilst  a 
stratum  of  inelastic  material,  as  chalk-rubble  or  other 
similar  substances  not  liable  to  crack  when  dry  nor  to 
run  into  mud  when  wet,  and  covered  by  dry  brick 
rubbish,  hard  core  of  potsherds,  or  strong  gravel,  should 
form  the  bottoming  for  the  road  material,  whatever  that 
may  be.  A  binding  material,  as  broken  stone  or  clean 
gravel,  is  the  best,  and  pitching  stones  the  worst,  to 
prevent  vibrations  from  being  carried  down  into  the 
structure. 

In  settling  the  important  point  now  under  consi- 
deration, the  serious  error  of  reckoning  upon  the 
strength  or  power  of  resistance  of  a  stronger  material, 
when  the  duty  is  really  to  be  imposed  upon  a  weaker, 
must  be  carefully  avoided.  If  the  arches  of  the 
free-stone  bridge  in  Hyde  Park  bear  upon  the  mortar  in 
their  composition,  and  not  upon  the  stone,  the  substance 
given  to  the  arches  may  not  be  unnecessarily  great ;  but 
if  the  stone  be  brought  to  bear  in  effect,  by  the  mortar  in 
the  beds  being  reduced  to  the  smallest  possible  quantity 
and  in  parallel  layers,  the  substance  of  the  vaults  is,  for 
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the  duty  required  of  them,  probably  uselessly  large.  In 
such  a  composition  as  the  Maidenhead  Railway  Bridge, 
where  the  dependence  is  entirely  upon  the  substance 
used  as  mortar,  the  bricks  merely  serving  to  give  consist- 
ence to  the  otherwise  friable  mass,  by  reducing  the 
mortar  to  layers,  but  layers  of  such  substance  and 
disposition,  nevertheless,  as  to  leave  the  structure 
entirely  dependent  upon  its  power  of  resisting  the 
pressure  and  vibratory  action  of  the  whole  work  and  of 
the  load,  the  power  of  the  weaker  constituent  of  the 
composition  must  be  considered  the  datum  in  computing 
the  substance  in  depth  of  the  arches.  In  the  case  of 
London  Bridge  the  granite  itself  may  fairly  be  reckoned 
the  main  constituent ;  and  the  arches  of  that  work  will 
be  found,  upon  calculation  of  the  strength  or  power  of 
resistance  to  pressure  of  the  material,  and  of  the  stress  to 
which  it  is  subjected,  to  be  greater  in  substance  at  their 
crowns  than  the  exigency  of  the  case  required,  all  con- 
tingencies being  fully  allowed  for.^^ 

^  Mr.  Thomas  Simpson,  of  Woolwich  Academy,  another  of  the 
"  eminent  mathematicians  '*  referred  to  by  the  Committee  for  building 
Blackfriars*  Bridge,  says  of  Mr.  Mylne's  design  :  "  As  to  the  upper  part 
of  the  arch,  from  the  key-stone  to  the  haunches,  the  strength  thereof 
is  exceeding  great," — as  he  had  before  signified, — **  when  the  piers 
and  every  thing  below  the  haunches  is  considered  as  immoveable.  But 
this  excess  of  strength,  arising  from  the  length  and  disposition  of  the 
voussoirs  [arch-stones] ,  appears  to  be  attended  with  a  real  disadvantage 
when  we  come  to  consider  how  much  the  lateral  pressure  is  by  this 
means  increased.  Were  the  length  of  the  arch- stones  at  the  key  to  be 
only  5  feet  or  4^  feet  instead  of  6,  and  at  the  haunches  7  feet  instead  of 
8,  the  arch  itself  would  even  then  have  greater  strength  than  will 
be  necessary  to  support  much  greater  weight  than  ever  can  be  brought 
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For  the  reasons  already  stated,  tables  of  the  h 
dimensions  of  arches  executed  in  bridges  convey  but 
little  useful  information  in  the  absence  of  such  critical 
particulars  in  every  case  as  it  is  found  impossible  to 
supply  with  suflScient  authority  to  make  them  of  value. 
Such  tables  would  state  that  the  arches  of  the  Maiden- 
head Railway  Bridge  and  the  arches  of  the  bridge  of  the 
Trinity  are  of  elliptical  form,  and  that  the  former  work 
is  of  brick  and  the  latter  of  marble.^  It  would  appear, 
from  stated  dimensions,  that  the  thickness  of  the  Maiden- 
head arches  at  the  crown  is  rather  less  than  one-twenty- 
fourth  the  span,  and  rather  more  than  one-fifth  the  rise ; 
and,  indeed,  that  this  thickness,  which  in  a  stone  arch 
would  be  called  the  length  or  depth  of  the  key,  is  the 
nearest  approach  the  brick-work  will  allow  of  to  the 

over  it By  this  means  also  the  lateral  pressure  would  be  di- 
minished near  one-quarter  part,  and  consequently  a  less  breadth  of  piers 
would  be  necessary,  which  would  not  only  considerably  lessen  the 
expense,  but  likewise  be  of  advantage  to  the  navigation."  Probably 
this  opinion  was  the  means  of  reducing  the  key-stones  from  the  in- 
tended depth  of  G  feet  to  5  feet,  but  in  the  late  operations  upon  Black- 
friars*  Bridge,  for  the  purpose  of  lowering  the  road  at  the  summit,  the 
key- stones  of  the  central  arch  appear  to  have  been  reduced  below  even 
the  smaller  dimension  suggested  by  Mr.  Simpson. 

'^  The  facing  courses  of  the  Trinitk  arches  are  of  wrought  and 
gauged  marble,  and  transverse  courses  of  wrought  stone  of  the  same 
sort  bond  the  faces  at  intervals,  but  the  spaces  between  the  bonding 
courses  are  said  to  be  filled  in  with  rubble  masonry  ;  if  this  be  so,  how- 
ever, the  rubble  must  have  indurated  sufficiently  to  carry  the  pressure 
of  the  arch  within  itself  before  the  centering  was  removed,  as  ou^ht  to 
be  the  case,  since  the  rubble  has  settled  no  more  than  the  gauged 
masonry  itself,  which  is  so  trifling  as  to  be  almost,  if  not  altogether. 
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span  divided  by  the  rise  (128 -f- 2425  =  5278),  the 
real  dimension  being  5*25  feet.  The  dimensions  would 
show  the  thickness  of  the  crown  of  the  central  arch  of 
the  Triniti  to  be  one-thirty-second  the  span  and  one- 
fifth  the  rise,  differing  from  the  Maidenhead  arches  in 
the  one  as  the  difference  in  the  material  might  appear  to 
justify,  but  agreeing  with  them  in  the  other  proportion ; 
whilst  a  division  of  the  span  by  the  rise  in  this  case 
would  give  6'33  feet  for  the  depth  of  the  key,  whilst 
its  real  dimension  is  but  3  feet,  showing  a  difference 
which  nothing  appears  fully  to  account  for.  Moreover, 
the  relative  span  and  rise  of  arches  of  various  forms, — 
semi-circular,  semi -elliptical,  and  segmental, — give  a 
very  deceptive  view  of  the  comparative  pressure  of 
arches  within  themselves. 

It  may  be  useful,  nevertheless,  to  show  that  the  men 
who  are  esteemed  among  the  ablest  practitioners  had  no 
settled  rule  in  their  own  practice, — or  that,  if  they  had, 
it  does  not  appear  from  the  works  executed  by  them, — 
in  estabUshing  the  relation  between  the  dimensions  of 
arches  and  the  depth  of  their  key-stones  respectively, 
even  when  the  nominal  constituent  material  was  the  same, 
the  form  of  the  arch  or  arches  the  same  in  effect,  and 
when  the  duty  to  be  performed,  or  the  weight  and 
character  of  the  load  to  be  borne,  were  not  dissimilar ; 
as  a  consciousness  of  this  may  lead  to  a  conviction  of 
the  necessity  of  placing  every  case  upon  its  own  merits. 
Perronet's  bridges  at  Neuilly,  at  St.  Maxence,  and  at 
Paris  (Louis  the  Sixteenth's),  arid  the  bridge  designed 
for  Melun,  were  all  built,  or  intended  by  him  to  be,  of 
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stone  from  the  same  quarry, — that  of  Saillancourt,  near 
Meulan  on  the  Seine, — the  arches  are  all  in  the  form  of 
small  segments  of  large  circles,  except  the  first,  whose 
faces  are,  however,  of  that  configuration — and  only  that 
part  of  the  inner  ellipsis  which  is  above  the  chord  of 
the  segments  of  the  faces  can  be  included  in  the  com- 
parison,— and  they  are  all  in  the  lines  of  great  public 
roads,  and  in  or  near  populous  towns,  and  therefore 
exposed  to  the  same  actions.  Taking  the  depth  of  the 
key-stone  course,  or  thickness  of  the  crown  of  the  arch 
in  each  case,  as  unity,  the  relation  that  depth  bears  to 
the  span  and  rise  of  the  arch  may  be  stated  as  follows : 


Depth 

of 

key. 

Rise  or 

versed  sine 

of  arc. 

Span,  or 
cnord  of 
the  arc. 

Veuillv  (of  five  equal  arches,    1    , 
127  ft.  lOi  in.  span)             j    ^ 

2-9 

r24 

122-5 

Outer  segmental  arch  of  faces. 
Corresponding  part  of  inner  arch. 

Paris  (middle  arch  of  five 
arches  93  ft.  9i  in.  span) 

}' 

2-8 

25-66 

5t.   Maxence   (three   equal 
arches  76  ft.  9  in.  span) 

}' 

1-765 

21-53 

Viclun  (one  arch  159  ft.  10^ 
in.  span) 

1    1 

r  2-272 
12-9 

32 
29-54 

Outer  arch  of  faces. 
Inner  arch  of  crown. 

The  only  stone  bridges  built  by  Telford  that  admit  of 
comparison  in  the  manner  proposed  are  Tongueland 
Bridge  and  Gloucester  Over  Bridge.  These  are  both 
built  of  sandstone,  of  similar  qualities,  and  are  both  upon 
main  lines  of  carriage  road,  open  to  any  service  to  which 
such  lines  are  exposed.  The  arch  of  the  former  (both 
are  of  one  arch)  is  in  the  form  of  a  segment, — not  a 
small  one,  certainly,  if  compared  with  Perronet's  flat 
segmental  arches, — of  a  not  very  large  circle,  the  span 
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being  112  feet  and  the  rise  35  feet;  the  arch  of  the 
latter  is  of  the  complex  form  of  the  bridge  at  Neuilly, 
the  crown  semi-elliptical,  and  the  faces  in  the  form  of  a 
segment  of  a  circle  coincident  with  the  flattest  part  of 
the  ellipsis ;  and  so  much  of  the  crown  of  the  elliptical 
arch  is  taken  here  as  lies  within  the  chord  of  the  seg- 
mental part  of  the  arch. 


Depth 

of 

key. 

Rise  or 

versed  sine 

of  arc. 

Span 

or  chord  of 

arc. 

Tongueland   (112 
ft.  span) 

Gloucester     Over 
(150  ft.  span) 

}■ 

10 
2-89 

32 

"1  33-34 

/26 

Outer  segmental  arch  of  faces. 
Corresponding  part  of  inner  arch. 

To  bring  Rennie's  great  works  over  the  Thames  at 
London  into  comparison  with  one  another  in  the  re- 
quired point  of  view,  it  is  necessary  to  take  those  portions 
only  of  the  upper  parts  of  the  semi-elliptical  arches  of 
Waterloo  and  London  Bridges  that  fall  within  60°  of 
the  circles  they  respectively  approximate,  as  this  ex- 
cludes those  parts  of  the  arches  at  the  springings,  and 
up  into  the  haunches,  of  which  the  pressure  upwards  is 
slight,  though  it  certainly  includes  more  than  is  included 
of  the  Perronet  and  Telford  complex  arches  at  Neuilly 
and  Gloucester.  But  the  object  here  is  to  compare  the 
practitioner  with  himself  and  not  with  others ;  and, 
indeed,  the  difiference  in  density  of  the  primitive  rock  in 
the  two  London  bridges,  and  of  the  sandstones  used  at 
Neuilly  and  Gloucester,  prevents  any  comparison  between 
the  arches  of  the  one  and  of  the  other : 
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•T 

Ktrfee 

moreo 

Wslerloo  (nine  equal  uches 
dflSOft.  ipsa) 

London  (middle  web  of  five 
»rchci151  ft.  9  in.  ipan) 

}■ 
}■ 

263 
3-37 

20-63 
J6-95 

It  ifi  not  advisable  to  increase  the  length  or  depth  of 
the  arch-stones  which  press  upon  the  keys  in  any  great 
degree,  as  any  increase  in  their  size  necessarily  increases 
their  gravitating  force,  and  gives  them  thereby  a  ten- 
dency to  fail  through,  which  the  shorter  stones  at  the 
summit  of  the  arch  may  not  have  weight  enough  to 
check.  It  is  desirable,  moreover,  to  introduce  the  hori- 
zontal coursing  over  the  haunches  of  an  arch  as  higli  up 
as  it  can  be  done,  consistently  with  the  retention  of  suf- 
ficient length  in  the  intercepted  arch-stones,  for  the  pur- 
pose of  distributing  the  weight  of  the  upper  works  and 
load  over  the  arch  most  equably,  as  well  as  for  the  pur- 
pose, before  pointed  out,  of  aiding  to  carry  the  thrust  of 
the  arches  from  one  to  another,  and  up  to  the  abutments. 
Where  the  crown  of  an  arch  is  Hat,  it  seems  necessary  to 
allow  the  collateral  arch-stones  on  either  side  of  the  keys 
to  increase  in  length,  until  the  arc  shall  have  increased 
sufficiently  to  allow  of  the  introduction  of  an  horizontal 
course  over  the  tail  of  an  arch-stone  without  making 
it  less  in  depth  or  length  upon  the  radius  than  the  depth 
of  the  key-stone  course  at  least.  This  is  exemplified  by 
exaggeration  in  the  elevation  of  Staines  Bridge  (Plate  53), 
and  in  that  of  the  bridge  of  the  Champ  de  Mars  (Bridge 
of  Jena,  Plate  5fi).     In  the  former  work  the  horizontal 
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coursing  seems  to  run  in  over  the  arch-stones  too  far, 
giving  an  appearance  of  weakness  to  those  which  are  in- 
tercepted ;  and  in  the  latter  the  converse  eflfect  is  pro- 
duced :  the  collateral  arch-stones  of  the  crown  become 
heavy  as  they  advance  upon  the  haunches  before  the  hori- 
zontal coursing  runs  in  over  them.  Sir  Robert  Smirke 
has  endeavoured  to  meet  the  objections  which  arise  in  this 
respect  from  the  slowly  retiring  soffit  of  a  flat-crowned 
arch  in  the  Westgate  Bridge  at  Gloucester,  by  halving  the 
upper  horizontal  courses,  to  stop  the  tailing  upwards  of 
the  arch-stones  of  the  crown  and  haunches  earlier,  and 
so  to  give  the  structure  of  the  arch  a  more  regular  form 
than  it  obtains  otherwise.  This  practice  is  exemplified 
in  an  arch  of  the  bridge  over  the  Eden  at  Carlisle, 
(Plate  52,)  but  it  does  not  obviate  the  difficulty,  except 
by  imposing  a  more  disagreeable  eflfect  to  the  eye ;  whilst 
the  distribution  of  weight  and  vibration,  and  the  carrying 
on  of  the  thrust  of  the  arch-stones,  are  not  so  well  in- 
trusted to  the  thin  shelf-hke  ends  of  the  horizontal 
courses  as  to  the  bolder  coursing  and  abutting  exhibited 
in  Staines  Bridge.  Darlaston  Bridge  (Plate  108)  shows 
a  better  arrangement  in  this  respect,  though  that  is 
susceptible  of  improvement,  independently  of  the  very 
objectionable  mode  of  springing  the  arch  adopted  here, 
and  so  well  avoided  in  Staines  Bridge.  In  Ballater 
Bridge  at  Aberdeen  (Plate  1),  and  in  the  Hutcheson 
Bridge   at  Glasgow    (Plates   27,   28),   the   constructive 
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alone ;  but  this  arrangement  is  not  so  unsightly  nor 
so  faulty  as  that  exhibited  in  the  faces  of  the  bridge 
across  the  Forth  at  Stirling  (Plate  ^.  Westminster 
Bridge  (Plate  24)  exhibits  the  arrangement  last  re- 
ferred to  as  faulty,  and  first  spoken  of  as  not  advisable. 
The  means  of  distributing  weight  and  vibration  over 
the  haunches  of  the  arches  by  horizontal  layers,  as 
courses,  are  altogether  thrown  away,  and  the  arch-stones 
are  tailed  out  to  an  extent  that  would  in  bolder  arches 
be  mischievous,  though  in  the  present  case  the  con- 
struction is  fortunately  only  ridiculous.  In  Blackfriars' 
Bridge  the  system  of  abutting  courses  is  introduced  with 
good  constructive  effect,  though  the  arches  are  in- 
judiciously and  most  unnecessarily  built,  or  they  appear 
to  be  built,  in  header  and  stretcher  courses,  and  the 
halved  horizontal  heading  course  used  to  so  great  an 
extent  in  the  Westgate  Bridge  at  Gloucester  and  in  the 
bridge  over  the  Eden  at  Carlisle,  is  here  slightly  de- 
veloped. An  example  of  really  good  arrangement  of  the 
tailing  of  the  arch-stones  with  the  horizontal  coursing  of 
the  spandrels,  in  a  case  difiicult  of  management,  because 
of  the  slightness  of  the  rise  of  the  arch,  is  found  in  the 
bridge  over  the  Dora  near  Turin,  and  both  Waterloo 
and  London  Bridges  are  very  well  arranged  in  this  respect 
as  to  their  faces.  The  arrangements  referred  to,  whether 
for  good  or  evil,  are,  however,  generally  upon  the  sur- 
face only ;  but  these  remarks  are  intended  to  apply  to 
such  arrangements  as  if  they  were  carried  into  the  con- 
struction, as  they  are  shown  upon  the  faces. 

An  efficient  system  of  abutting  the  tails  of  arch-stones 
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as  they  rise  in  the  haunches  of  an  arch  by  horizontal 
bonded  courses,  which  may  also  distribute  the  weight  of 
the  load  and  the  vibrations  arising  from  its  concussive 
action  over  the  structure  of  the  arch,  aided  by  accurate 
work  in  the  beds  and  joints  of  the  stones  throughout, 
would  be  most  requisite  in  building  arches  in  ribbed  series, 
instead  of  continuous  vaults,  as  suggested  in  an  earlier 
page  of  this  treatise.  The  invert  used  by  Mr.  Rennie,  and 
before  referred  to,  is  excellent  as  a  means  of  carrying 
over  the  thrust  of  the  flat  crowns  of  arches,  but  the 
mode  of  construction  which  it  involves  does  not  distribute 
the  weight  and  vibration  of  the  load,  as  the  longitudinal 
abutting  courses  do.  Moreover,  it  is  hardly  available 
with  brick  arches  without  dropping  the  backs  of  the 
courses  so  as  to  give  the  effect  of  weakening  the  haunches 
in  some  degree ;  and  when  the  work  is  in  rings,  and  not 
bonded  through  the  thickness  or  depth  of  the  arched 
construction,  such  invert  might  have  the  effect  of  se- 
parating the  parts  of  the  arch, — of  ripping  the  back  off 
and  leaving  the  inner  part  of  the  soffit  to  settle  down. 
Nor  does  brick-work,  for  this  last  reason,  give  the  means 
of  bringing  the  horizontal  coursing  into  operation  with 
the  same  effect  that  masonry  does,  and  the  spandrel  and 
haunch  walls  can  only  act  upon  the  arches  to  carry  the 
thrust  over,  as  they  do  in  masonry  construction  when 
the  tails  of  the  stones  do  not  run  up  to  abut  upon  the 
heading  joints  of  the  horizontal  coursing  of  the  spandrels. 
Tlie  equable  distribution  of  weight,  and  the  deadening  of 
concussive  effect  from  the  load,  are  equally  obtained  with 
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brick-work   as   with   masonry,  from  bonded  horizontal 
coursing. 

The  arrangement  of  the  essential  constructions  of  a 
bridge  of  masonry  being  thus  considered  with  reference 
to  their  capacity  and  form,  in  relation  to  the  desiderata 
in  bridge  building — the  protection  of  the  water-way  for 
its  useful  and  necessary  services,  and  the  obtaining  a 
secure  and  convenient  road-way  over  it  at  the  least 
expense — it  remains  to  consider  the  form  that  should 
be  given  to  the  ends  of  a  bridge  pier  in  a  water-way, 
to  the  end  that  the  least  disturbing  effect  may  be  pro- 
duced upon  the  current  by  the  presence  of  the  pier, 
both  for  the  protection  of  the  pier  itself  with  the  con- 
structions resting  upon  it,  and  for  the  safety  of  the 
navigation,  when  the  water-way  is  navigable.  As  far  as 
the  support  of  the  constructions  is  concerned,  the  pier 
need  not  be  extended  in  the  direction  of  its  length,  or 
in  the  direction  of  the  transverse  section  of  the  bridge, 
beyond  the  faces  of  the  bridge  itself;  but  as  a  pier  in 
a  water-way  is  liable  to  be  acted  upon  in  a  greater  or 
less  degree  by  the  water  in  which  it  is  placed  running 
in  a  stream,  in  a  torrent,  or  by  the  operation  of  the  tidal 
influence,  that  form  must  be  given  to  the  ends  of  the 
pier  which  shall  have  the  effect  of  parting  the  water, 
and  of  allowing  it  to  re-unite  in  the  least  disturbing 
manner.  Tlie  regular  parallelogramic  form  which  a 
bridge  pier  bears  in  its  plan  would  present  a  straight 
line,  in  length  equal  to  the  thickness  of  the  pier,  and 
at  right  angles  to  its  sides  and  to  the  current ;  and  as  no 
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alteration  can  be  made  in  this  form  within  the  plan  of 
the  piers,  the  required  cutwaters  ^  must  be  obtained  by 
adding  to  the  length  of  the  pier  whatever  may  be  ne- 
cessary to  the  effect  proposed.  The  question  then 
remains,  what  form  of  extension  is  best  adapted  to  the 
service? — the  amount  of  the  extension  will  depend 
almost  of  necessity  upon  its  form.  The  bows  of  a  ship 
may  be  thought  to  dictate  the  best  form  for  the  cut- 
waters of  bridge  piers ;  but  as  ships  adapted  for  sailing 
are  generally  understood  when  ships  are  spoken  of,  it 
is  not  true  as  it  regards  their  bows  or  cutwaters,  since 
a  bluff  form  is  necessary  to  enable  a  ship  to  sail  upon 
a  wind,  or  to  work  to  windward, — a  quality  most  es- 
sential to  all  sailing  vessels ;  but  the  best  form  of  the 
bows  for  a  steam-vessel  or  row-boat  is  that  best  adapted 
for  the  cutwaters  of  bridge  piers  ;  and,  indeed,  the 
general  form  of  such  vessel  is  the  best  for  the  particular 

^  The  term  cutwater  applies  very  well  to  the  projections  upon  the 
ends  of  piers  in  tidal  streams,  as  both  ends  are  in  turn  opposed  to  the 
current  and  act  as  cm^ waters ;  but  where  there  is  only  the  down- stream 
current,  it  is  the  up-stream  end  of  the  pier  alone  that  can  present 
a  cutyf&ter,  though  truly  the  same,  or  nearly  the  same,  form  is  required 
at  the  down -stream  end  to  bring  the  divided  water  together  without 
forming  dangerous  eddies.  The  French,  most  of  whose  bridges  feel 
the  stream  but  one  way,  term  the  up-stream  side  of  a  bridge  the  cdte 
d'amont,  or  the  side  upon  which  the  water  mounts,  and  the  down- 
stream side  the  c6t4  d'aval,  or  that  on  which  the  water  in  meeting 
forms  a  valley  or  depression.  The  French  have,  too,  distinctive  terms 
for  the  extensions  of  the  piers,  to  which  we,  with  our  tidal  rivers,  apply 
indifferently  the  term  cutwater.  The  true  cutwater  is  called  the  avant^ 
bee,  the  beak  or  prow  before,  and  the  down-stream  projection  the 
aniere-bee,  the  beak  or  prow  behind. 
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purpose  of  allowing  the  water  to  go  by  it  with  the  least 
disturbance.  The  more  important  duties  of  the  pier 
require,  however,  that  it  should  be  of  a  different  form 
in  the  body,  though  its  extensions  may  take  the  form  of 
the  bows  of  a  whale-boat,  but  without  running  away  to  a 
keel,  as  the  cutwater  has  to  divide  the  water  throughout 
its  whole  depth,  and  not  to  the  depth  alone  that  a  boat 
may  draw.^° 

Besides  dividing  the  water,  the  cutwaters  of  bridge 
piers  have  generally  another  important  duty  to  per- 
form, which  requires  that  they  shall  have  strength  to 
resist  concussions,  whilst  their  form  may  have  the  effect 
of  turning  off  solid  substances,  as  w^ell  as  of  dividing 
the  fluid  in  which  they  stand.  Most  rivers  are  liable 
to  be  frozen  over  at  times,  or  to  be  otherwise  encum- 
bered w  ith  masses  of  ice,  which  thick  and  square-ended 
bridge  piers  will  detain  as  they  float  down  upon  the 
current ;  a  block  of  ice  once  arrested  w^ill  rather  detain 
others  than  be  itself  set  in  motion  again ;  so  that,  in 
the  absence  of  proper  cutwaters  to  the  piers,  a  dam 
of  ice  may  be  formed  across  the  river  through  the 
agency  of  the  bridge.  Rafts  of  timber  and  uprooted 
trees  also,  and  craft  navigating  a  river,  should  find  cut- 
waters in  advance  of  the  piers  of  a  bridge,  of  strength 
sufficient  to  receive  any  blow  they  may  communicate 
without  sustaining  injury  from  the  blow,  and  of  a  form 
adapted  to  throw  off  the  obstruction. 

'^  This  subject  may  be  studied  with  advantage  wherever  vessels,  and 
particularly  vessels  of  considerable  draught,  lie  at  anchor  by  the  bows 
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The  form  best  adapted  to  divide  the  water  in  its 
current  is  also  well  adapted  to  throw  off  obstructions, 
but  as  the  cutwater  must  possess  power  also  to  resist 
blows,  the  best  adapted  form  must  be  restricted  in  its 
proportions  to  obtain  for  it  the  requisite  degree  of 
strength.  The  bows  of  a  whale-boat  are,  in  horizontal 
section,  in  the  form  of  an  acute  angled  isosceles  triangle, 
with  the  legs  of  the  triangle  slightly  curved  convexly ; 
and  this  form,  given  in  extension  to  the  ends  of  a  bridge, 
in  such  manner  that  the  end  of  the  pier  shall  be  the 
base  of  the  triangle,  and  the  tangents  of  the  curved 
sides  of  the  triangle  at  right  angles  to  the  base,  will 
be  more  or  less  efficient  as  a  cutwater,  as  the  angle 
at  the  apex  is  more  or  less  acute.  A  great  degree  of 
acuteness  would  lead  to  extravagant  elongation  of  the 
pier,  and  to  weakness  in  the  cutwater;  so  that  the 
circumstances  of  each  particular  case  must  be  taken 
into  consideration  to  determine  the  degree  of  acuteness 
that  may  be  desirable,  and  the  amount  of  strength 
required,  with  reference  to  the  cost  of  combining  them  ; 
and  the  advantage  to  be  derived  from  incurring  the 
expense  of  elongating  the  pier  to  produce  acuteness 
in  the  cutwater,  and  of  giving  to  the  cutwater  strength 
beyond  that  which  the  stone  used  may  possess. 

Almost  every  variety  of  shape  of  which  they  are  ca- 
pable has  been  given  to  the  cutwaters  of  bridge  piers,  and 
cutwaters  have  been  more  frequently  formed  according 
to  the  designer's  fancy  of  what  was  handsome  than  with 
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form  above  developed  is  the  best  adapted  to  all  the 
duties  of  the  cutwater;  and  the  particular  proportion 
most  commonly  preferable  is  that  of  an  equilateral 
triangle,  inscribed  in  curves  struck  from  the  two  ends 
of  that  side  which  is  upon  the  end  of  the  pier,  the 
radius  of  the  curves  being  of  course  the  length  of  that 
side.  This  proportion  fulfils  all  the  conditions  required, 
dividing  the  water  without  greatly  disturbing  it,  and 
giving  strength  to  the  stone  upon  the  saUent  angle. 

As  the  arches  of  a  bridge  should  never  be  sprung 
below  high-water  level,  so  should  the  cutwaters  never 
be  raised  above  the  level  of  the  springing  of  the 
arches,  that  the  projecting  ends  of  the  piers  forming 
the  cutw^ater  may  be  bonded  into  the  structure  of  the 
piers  themselves.  According  to  the  vicious  practice 
of  springing  arches  within  the  range  of  tides  or  of 
ordinary  floods,  the  cutwaters  must  be  carried  up  be- 
fore the  faces  of  the  work,  without  being  bonded  into 
it,  or  the  bonding  must  be  effected  by  the  unskilful 
and  expensive  mode  of  cutting  down  upon  the  blocks 
of  which  the  arch-stones  are  formed  to  raise  tailing  ends 
that  may  run  out  upon  the  cutwater  in  horizontal 
courses.  Mr.  Rennie  has  left  an  excellent  example  in 
Staines  Bridge  of  the  best  mode  of  combining  the  cut- 
w^ater  with  the  pier,  by  making  the  semi-domed  head 
of  the  cutwater  run  in  under  the  springing  courses  of 
the  arches ;  whilst  London  and  Waterloo  Bridges  exhibit 
in  the  same  particulars  a  mode  of  practice  carefully  to 
be  avoided. 

Although  the  width  of  a  bridge  is  comparatively  un- 
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important,  as  a  matter  of  construction,  provided  it  be 
sufficiently  wide  to  give  its  piers,  with  the  added  cut- 
waters, length  enough  to  withstand  any  action  to  which 
the  work  may  be  exposed  from  floods  or  otherwise,  it 
may  be  proper  in  a  practical  treatise  upon  bridge  building 
to  give  a  few  hints  on  this  head. 

Carriage  roads  should  always  be  wide  enough  for  three 
carriages  at  the  least  to  travel  upon  the  same  transverse 
line  at  the  same  time,  that  fast  carriages  may  not  be 
unnecessarily  impeded  by  slow  ones,  and  that  the  road 
may  be  open  even  if  two  carriages  happen  to  be  stopped 
dn  opposite  sides  of  the  road  at  the  same  time.  In 
carriage  roads,  as  streets  within  towns,  where  there  may 
be  dwelling-houses,  shops,  or  warehouses,  on  both  sides, 
before  which  carriages  must  be  frequently  standing,  and 
on  both  sides  at  the  same  time,  there  should,  for  the 
reason  before  mentioned,  be  width  between  the  standing 
carriages  for  three  at  the  least  to  move  abreast,  and 
where  the  thoroughfare  is  great,  even  more  is  greatly 
desirable.  Light  carriages  cannot  be  required  to  stand 
in  less  than  6  feet,  nor  can  they  be  driven  with  freedom 
and  safety  in  less  than  8  feet ;  heavy  carts  and  waggons 
should  have  8  feet  to  stand  in,  and  10  feet  when  in 
motion ;  so  that  no  public  road  of  mixed  traffic  ought 
to  be  less  than  28  feet  wide  in  the  carriage-way,  and 
no  street  that  is  a  carriage  thoroughfare,  and  built,  or 
liable  to  be  built,  on  both  sides,  should  be  less  than 
42  feet  wide  in  the  carriage-way :  much  used  thorough- 
fares, as  all  streets  leading  to  and  from  a  free  bridge 
within  a  town  must  be,  because   of  the   concentration 


194  PRACTICAL  TREATISE 

of  traffic  from  many  streets  to  that  one  street,  should 
of  course  be  still  wider.  According  to  the  circum- 
stances of  the  approaches,  then,  rather  than  according 
to  their  actual  width,  should  be  the  road- way  upon  a 
bridge.  A  pubUc  road  bridge  in  a  Une  of  road  not 
liable  to  be  greatly  obstructed  by  carriages  standing 
by  the  sides,  should  be  as  wide  as  the  road  ought  to 
be,  that  is,  wide  enough  for  three  carriages,  taking  an 
average  of  fast  and  slow,  to  pass  abreast ;  and  when  a 
bridge  stands  within  a  town,  the  space  occupied  in  the 
streets  or  other  approaches  leading  to  it,  by  carriages 
standing  by  the  sides,  may  be  deducted  from  the  width 
the  street  ought  to  have,  for  the  carriage  road-way  of 
the  bridge.  The  foot-ways  on  a  bridge  should,  however, 
be  as  wide  as  they  are  required  in  the  streets  or  roads 
leading  to  or  from  it ;  as  the  inducement  to  stop^  and 
thereby  to  obstruct  the  way,  is  at  least  as  great  on  a 
bridge  as  in  a  street  or  road. 

It  has  been  already  stated  that  the  road-way  should 
be  borne  over  the  main  constructions  in  such  a  manner 
as  to  distribute  the  weight  and  the  vibrations  arising 
from  the  load  and  from  the  working,  in  an  equable 
manner  over  all.  The  old  mode  of  filling  in  the 
spandrels  with  earth  or  rubbish  in  a  mass  was  con- 
nected with  a  further  filling  over  the  backs  of  the 
arches  also,  to  interpose  a  body  of  matter  through 
which  the  vibrations  arising  from  the  working  of  the 
road  upon  it  did  not  readily  pass ;  and  in  abandoning 
the  old  mode  provision  should  be  made  for  retaining 
the  advantages  it  possessed,  of  which  this  was  not  an 
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unimportant  one.  If  the  effect  of  the  jarring  of  heavy 
and  fast  traffic  upon  a  bridge  be  communicated  to  the 
constructions  they  must  suffer  from  it.  Although  the 
stone  itself  be  practically  inelastic,  the  mortar  in  which 
it  is  set  is  seldom  so ;  a  flaw  in  a  stone  or  other  material 
may  be  acted  upon  until  a  piece  is  thrown  off, — mortar 
becomes  loosened,  then  detached,  —  and  such  is  the 
progress  of  works  to  destruction,  even  when  originally 
the  most  rigid  in  their  construction.^ 
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3*  An  illustration  of  this  is  found  in  the  celebrated  stone  arch 
between  the  eastern  walls  of  the  west  front  of  Lincoln  Cathedral, 
and  known  as  the  Lincoln  beam,  because  of  its  flatness,  or  slight 
rise  in  proportion  to  its  span.  In  a  Report  on  the  construction  of 
this  arch  by  Mr.  W.  A.  Nicholson,  Architect,  of  Lincoln,  printed 
in  the  Transactions  of  the  Royal  Institute  of  British  Architects, 
(Vol.  I.  Part  II.  4to.,  London,  1842,)  the  author  says:  "The  arch 
vibrates  perceptibly  when  jumped  upon ;  and  I  am  of  opinion  that 
the  constant  practice  of  visitors  thus  to  prove  its  elastic  properties 
has  a  tendency  to  impair  its  stability.  The  mortar  between  the  joints 
is  of  a  very  friable  nature  [all  kinds  of  mortar  are  so  in  a  greater 
or  less  degree],  and  has  detached  itself  from  the  parts  where  it 
has  been  used  in  pointing  the  joints  to  conceal  the  irregularity  of 
the  workmanship ;  and  it  may  be  still  further  crushed  by  the  violent 
concussions  to  which  the  arch  is  almost  daily  exposed."  It  may  be 
remarked  that  this  "  beam  "  is  not  so  flat  as  equal  portions  of  the 
crowns  of  most  of  the  larger  semi-elliptical  bridge  arches.  Tlie  Lincoln 
beam  spans  28  feet,  and  rises  14^  inches,  whilst  the  crown  of  the  central 
arch  of  the  Trinity  rises  barely  12  inches  upon  a  chord  28  feet  long. 
It  is  true  that  the  substance  of  the  arch  in  the  bridge  is  more  than 
three  times  that  of  the  beam;  but  28  feet  is  less  than  95*79  feet, 
the  span  of  the  whole  arch  of  the  bridge,  in  the  same  proportion, 
within  a  fraction,  that  the  substance  of  the  arch  of  the  one  is  less 
than  that  of  the  other ;  and  whilst  the  beam  is  exposed  to  nothing 
more  violent  than  a  man  jumping,  the  bridge  is  constantly  liable  to 
the  rolling  u])on  a  stone  paving  of  heavy  waggons,  and  of  fast  carriages 
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Horizontally  coursed  work  should,  therefore,  be  intro- 
duced over  the  backs  of  arches  in  longitudinal  walls, 
some  inches  high  at  the  least,  in  the  shallowest  part, 
to  bear  off  the  bridging  stones  or  landings  from  the 
substance  of  the  arches,  and  to  distribute  the  weight, 
so  that  concussive  action  may  be  distributed  also,  even 
if  it  be  not  entirely  dissipated.  The  same  effect  should 
be  still  further  pursued  by  the  introduction  over  the 
floor  of  landings  of  an  uncombined  substance,  as  hard 
core,  under  any  stone  paving;  though  well  executed 
wood  paving,  consisting  of  blocks  bedded  on  an  oblique, 
or  on  a  direct  transverse,  section  of  the  fibre,  especially 
if  dowelled  together,  might  be  laid  at  once  upon  the 
landings.^^ 

drawn  by  trotting  horses.  But  the  crown  of  the  central  afch  of 
London  Bridge  does  not  rise  so  much  upon  a  chord  of  28  feet  as 
the  Trinitk  arch  rises ;  and  the  Maidenhead  Railway  arches  appear 
to  rise  even  less  than  the  London  Bridge  arches ! 

^-  Having  mentioned  wood  paving,  it  may  not  be  out  of  place  here 
to  intimate  that  the  practice  commonly  pursued  with  the  obliquely 
cut  wood  paving  lately  introduced  into  use  in  London,  for  the  purpose 
of  obviating  the  objection  to  its  presumed  shpperiness,  is  the  farthest 
removed  from  the  true  practice  with  such  a  material,  and  quite  destroys 
the  only  advantage  derivable  from  cutting  the  blocks  in  an  oblique 
section  at  all.  This  advantage  is  the  brush-like  surface  the  obliquely 
cut  fibrous  mass  presents  upon  being  slightly  disturbed  by  the  working 
out,  on  pressure,  of  the  hardened  albuminous  matter  that  combines  it. 
Such  brush-like  surface  has  the  roughness  necessary  to  prevent  horses' 
feet  from  slipping  upon  it ;  but  being  clogged  with  dirt  and  wetted, 
a  greasy,  and  consequently  slippery,  surface  is  produced.  It  should, 
therefore,  be  kept  clean,  in  which  condition  it  is  perfectly  safe ;  but 
while  the  stupid  practice  prevails  of  distributing  sand  over  the  paving, 
it  can  never  be  free  from  dirt,  and  will,  consequently,  be  unsafe  for 
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All  roads  should  be  so  composed  and  arranged  as 
to  be  as  nearly  as  possible  impervious  to  water,  or  to 
be  relieved  of  water  that  may  pass  through  the  surface 
by  efficient  under  drainage,  for  the  sake  of  the  roads 
themselves ;  but  the  road-way  upon  a  bridge  should  be 
so  composed  and  arranged  as  to  carry  off  all  that  may 
come  upon  it  by  surface  drainage  alone,  when  the  nature 
of  the  case  renders  it  possible  to  do  so,  for  the  sake 
of  the  works  of  the  bridge,  as  well  as  for  that  of  the 
road  upon  it.  As  this  in  ordinary  practice  cannot  be 
done  completely,  means  of  collecting  and  discharging 
water  that  may  percolate  the  road  should  be  provided 
within  the  spandrels  and  over  the  piers.  Puddled  clay 
has  been  often  used  for  covering  the  work,  but  as  this 
substance  is  liable  to  become  dried,  in  such  situations, 
it  cannot  be  trusted,  and  bituminous  substances  in  like 
manner  are  liable  to  crack  at  low  temperatures.  These 
latter  are,  however,  among  the  best  adapted  to  the  pur- 
pose, disposed  as  a  coating  with  a  draft  to  drain-culverts 
in  the  piers  by  which  the  water  may  certainly  escape. 
The  most  secure  mode,  however,  of  protecting  bridge 
arches  from  percolated  water,  and  preventing  it  from 
acting  upon  the  joints  of  the  arch-stones,  is  to  rake 
the   backs   of  the  joints  out,  and  run  them  full  with 
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and  on  the  backs  of  brick  arches,  two  or  three  thick- 
nesses of  plain  tiles  bedded  in  cement  will  be  found  a 
useful  protection  to  the  work. 

The  road-way  upon  a  bridge  should  be  arranged  with 
an  inclination  or  inclinations  of  the  surface  to  carry  the 
water  off,  whether  the  design  of  the  bridge  present  a 
horizontal  line  or  not;  and  if  the  length  be  short, — 
upon  one  large  arch,  or  upon  three  small  ones,  so 
that  the  extent  do  not  exceed  200  or  300  feet, — it 
will  be  far  better  to  drain  upon  the  surface  through  a 
length  from  a  summit  in  the  middle  out  over  the  con- 
structions both  ways,  rather  than  to  conduct  the  water 
down  into  or  among  the  constructions,  where  the  dif- 
ficulty of  preventing  escapes  from  derangements  of  one 
kind  and  another  is  very  great.  Indeed,  the  water 
which  is  found  too  frequently  acting  upon  the  joints 
in  the  haunches  and  springings  of  bridge  arches  arises 
as  frequently  from  escapes  from  the  provided  drainage 
as  from  filtrations.  When  the  water  is  permitted  to  run 
upon  the  surface  of  a  road,  however,  the  road- way 
should  be  laid  with  a  paving  that  may  act  as  roof 
covering  as  well  as  paving,  and  not  be  itself  liable  to 
damage  from  the  action  of  water  upon  it.  In  such  a 
case  a  broken  stone  road  would  not  be  a  proper  one, 
and  either  shaped  stone,  or  wood,  should  be  laid  upon 
an  unyielding  bed,  and  have  cemented  joints ;  whilst 
it  may  be  itself  in  a  condition  to  receive  benefit  rather 
than  injury  from  the  water  running  over  it.  The  road- 
way being  kept  properly  free  from  dirt,  a  fall  of  from 
9  to  12  inches  in  100  feet,  according  to  the  evenness 
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of  the  paving,  will  relieve  it  of  rain  water ;  and  it  may 
take  such  a  fall  as  this  even  upon  a  level  bridge  with- 
out any  inconvenience ;  the  lateral  footways  continuing 
level  longitudinally,  and  having  a  similar  fall  transversely 
toward  the  road-way. 

Parapets  have  nothing  to  do  with  the  construction 
of  a  bridge  of  masonry,  but  they  are  required,  never- 
theless, for  the  convenient  use  of  ordinary  road  bridges 
of  whatever  substance  they  may  be  composed,  or  in 
whatever  manner  constructed.  The  duty  of  fencing  the 
passenger  from  accidental  fall  over  the  precipice  the 
bridge  forms  being  all  that  is  required  of  the  parapet, 
if  this  be  provided  for  securely,  the  arrangement  as  to 
matter  and  manner  may  be  referred  to  the  decorative 
disposition  of  the  works,  or  what  is  generally  understood 
by  its  architectural  arrangement. 

In  proceeding  to  the  execution  of  a  bridge  after  the 
design  of  its  constructions  has  been  arranged  and  de- 
termined, the  all-important  subject  of  founding  the 
abutments  and  the  piers  presents  itself.  The  arrange- 
ment of  the  design,  it  has  been  already  strongly  urged, 
should  be  such  as  to  induce  the  slightest  possible 
additional  action  upon  the  bed  of  a  river,  so  that  the 
process  of  founding  those  parts  of  the  constructions  that 
fall  within  the  water-way,  or  within  range  of  the 
water-course,  may  be  simplified  to  the  greatest  possible 
degree.  Powerful  abutments  upon  the  margins  of  a 
river  are  more  easily  made  than  piers  can  be  properly 
founded  and  built  within  its  water-way;  and  two  piers 
near  the  n^argins  are  more  cheaply  procured  than  four 
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piers  which  may  be  distributed  over  the  whole  breadth  of 
the  river.  For  bridges  of  Ught  weight  and  great  span, 
whose  piers,  when  piers  are  required,  need  produce  no 
sensible  effect  upon  the  water-way  by  inducing  no 
stronger  current  than  the  bed  has  always  been  subjected 
to,  if  that  bed  be  of  such  consistence  that  it  is  not 
disturbed  by  the  most  powerful  influence  that  the  river 
is  liable  in  floods  to  exert,  there  should  be  no  objection 
to  founding  the  required  piers  in  coflFers  or  cassoons  ;^ 
first  dredging  or  forming  by  concretions  a  fair  and  even 
bed  for  it  within  the  guide  piles  that  must  be  driven 
to  assist  in  mooring  and  setting  the  cassoon  in  which  the 
pier  is  built.  In  such  a  case  much  will  depend  upon 
grounding  the  floor  of  the  cassoon  with  an  equal  bearing 
over  all;  for  in  this,  as  in  all  other  works  of  hydraulic 
architecture,  the  exclusion  of  running  water  from  under 
the  constructions  is  both  the  most  difiicult  of  attain- 
ment and  the  most  important  to  effect.     Much  too  will 

^  This  word  is  commonly  written  caisson,  after  the  French ;  but  as  it 
is  not  properly  a  French  tenn,  and  caisi>on  is  but  the  French  form  of  an 
Italian  word,  and  as  we  have  in  English  a  recognized  mode  of  forming 
words  from  Italian  without  the  intervention  of  French,  that  mode  is 
used  in  preference  by  all  who  understand  the  term  and  the  word,  and 
do  not  affect  a  French  when  an  English  word  will  express  the  same 
idea.  Cassoon  is  from  the  Italian  word  ca^sa,  a  case  or  chest,  with  the 
augmentative  one, — cassone,  a  large  case  or  coffer;  as  saloon  from 
sola,  a  hall, — salone,  a  great  hall ;  palla,  a  ball, — pallone,  a  great  ball, 
Anglice, — a  balloon.  Coffer  is  common  to  French  and  English,  and 
would  better  express  to  an  English  reader  what  is  intended  by  a 
cassoon,  but  that  it  is  appropriated  by  the  dam  formed  for  founding 
piers  by  insulating  the  place  upon  which  a  pier  is  to  stand,  and  laying 
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depend  upon  the  pier  so  founded  having  enough  of  its 
mass  in  air  above  high-water  level  to  insure  weight 
to  keep  it  down,  seeing  that  the  floor  of  the  cassoon 
on  which  the  pier  is  built  is  of  a  substance  generally 
Ughter  than  water,  and  that  all  but  the  heaviest  kinds 
of  stone  have  half,  and  even  more  than  half  their 
weight  abstracted  upon  immersion  in  water,  whilst  the 
upper  works  are  supposed  to  be  so  light  as  not  alone 
to  supply  the  deficiency.  If  Westminster  Bridge  had 
been  executed  as  it  is  shown  at  Plate  21,  it  would 
probably  have  been  carried  away  within  a  very  short 
time,  for  it  could  hardly  have  withstood  the  effect  of 
a  high  spring  tide  ebbing  with  back  water  from  heavy 
rains,  or  in  a  thaw,  with  floats  of  ice,  aided  by  a  south- 
westerly wind.  The  piers  would  have  been,  under 
such  circumstances,  entirely  immersed,  and  the  current 
scouring  under  their  timber  platforms,  but  little  force 
would  have  been  sufficient  to  break  the  wooden  super- 
structure across  in  its  length  of  1000  feet.  On  such 
an  event  occurring  the  whole  would  have  gone  perforce 
to  ruins,  and  the  lighter  materials  floating  down  would 
have  formed  a  rafted  dam  above  Old  London  Bridge, 
and  so  have  shortened  its  duration  the  better  part  of 
a  century.^* 
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When  the  bed  of  a  river  is  of  clay,  or  when  the  clay 
is  covered  by  only  a  thin  stratum  of  gravel,  close  sheet 
piling  may  be  driven  with  great  accuracy,  as  the  gravel 
can  be  dredged  out  from  the  line  to  be  occupied  around 
the  site  of  a  pier,  or  rather  over  the  whole  site  of  the 
piers,  and  including  this  line,  to  form  a  coffer  adapted 
to  the  form  of  the  base  of  a  pier.  The  sheet  piling  being 
driven  into  the  clay  bed  far  enough  to  have  a  good  hold 
below  the  depth  to  which  it  may  be  deemed  necessary 
to  bed  the  floor  of  the  cassoon  with  the  pier  in  it,  the 
ground  is  to  be  spoon  or  scoop-dredged  to  the  required 
depth,  and,  the  gravel  being  excluded  by  the  coflfer, 
a  perfectly  even  bed  may  be  obtained  on  which  to 
ground  the  platform  upon  which  the  pier  is  built.  This 
platform  should  be  formed  of  at  least  two  thicknesses 
of  timber  traversing  one  another,  laid  close  to,  and 
trenail-pinned  or  bolted  together,  but  trenail-pinning 
ought  to  be  enough.  The  floor  of  the  cassoon  or  plat- 
form for  the  constructed  pier  should  not  fit  or  be  fitted 
so  closely  within  the  piled  coffer  as  to  render  it  liable 
to  become  bound  by  the  piUng  as  it  descends,  as  it 
may  so  be  prevented  from  grounding  properly,  and  it 
may  indeed  impound  the  water  under  it  for  want  of 
sufficient  means  of  escape  around.  Nothing  can  be 
more   important   indeed  than  it  is  to  insure  the  com- 

carious  endurance  of  the  last  century,  by  pressing  the  piers  down  within 
the  sheet  piling  driven  around  them ;  though,  indeed,  the  celebrated 
sunken  pier  sank  still  further  upon  the  coffer-dam  lately  made  around 
it  being  first  laid  dry,  or  rather  when  the  pier  was  laid  dry  by  the 
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plete  grounding  of  the  platform  on  the  solid  clay,  and 
before  filling  in  over  the  spreading  footings  of  the  pier. 


y4^ 


There  being  means  of  escape  around  the  platform  for 
the  fine  mud  that  is  sure  to  form  upon  the  surface  of  the 
clay,  even  while  the  cassoon  is  sinking,  as  well  as  for  the 
water  that  is  to  be  driven  out,  the  pier  should  he  loaded 
with  artificial  weight  to  the  extent  of  what  it  is  intended 
to  carry,  to  press  the  platform  down  upon  the  ground,  and 
into  it  as  far  as  the  completed  superstructure  could  ever 
force  it.  This  being  done,  a  curb  of  iron  or  of  timber, 
well  provided  with  straps  and  screw-bolts,  should  be  put 
round  the  piled  coffer,  flush  with  the  ordinary  bed  of 
the   river,    as  a  waling,  or  rather  as  a  hoop,   for  the 
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resisting  the  pressure  against  it  of  a  stone  floor  that 
should  be  laid  at  the  same  level  between  the  body  of 
the  pier  and  the  inside  of  the  piled  coffer ;  the  spaces 
under  it  over  the  receding  footings  being  first  filled  in 
with  concrete,  and  the  piles  cut  off  even  with  the  upper 
side  of  the  curb.^* 

When  the  bed  of  a  river  is  sufficiently  hard  to  resist 
the  action  of  running  w^ater,  and  the  scouring  effect 
of  water  under  the  greatest  pressure  to  which  it  may 
be  subjected,  or  become  liable,  in  the  particular  case, 
timber  may  be  wholly  avoided  in  connexion  with  the 
permanent  construction  of  stone  piers ;  and  the  diving 
bell  will  give  the  means  of  dressing  the  beds  level, 
and  of  laying  so  much  of  the  masons'  work  as  may  be 
under  water,  where  the  water  is  deep  enough  to  make 
such  aid  necessary.  Upon  such  a  bed  as  here  supposed 
spreading  footings  to  a  pier  ought  not  to  be  required; 
but  if  the  substance  should  be  less  dense  than  the  stone 
to  be  used  in  the  pier,  and  the  pier  of  the  smallest 
bulk  consistent  with  the  execution  of  its  duty  with 
safety,   and   with   regard   to  its   endurance,   it   will  be 

^  The  practice  here  described  is  generaUy  that  adopted  in  the  works 
in  progress,  under  the  direction  of  Messrs.  Walker  and  Burges,  at 
Westminster  Bridge.  These  works  are  carried  on  with  the  advantage 
of  coffer-dams,  rendering  some  of  the  processes  above  described  un- 
necessary ;  but  as  a  body  of  gravel  still  exists  under  almost  all,  if  not 
all,  the  piers,  extraordinary  means  are  required  for  confining  it,  and  for 
excluding  water  from  among  it ;  and  ample  facilities  are  absolutely 
necessary,  though,  indeed,  the  under-pinning  could  not  have  been 
effected  satisfactorily  and  securely  without  coffer-dams.  A  diving  bell 
would  be  necessary  to  pave,  as  proposed  in  the  text,  if  the  water  were 
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better  to  give  the  pier  greater  extent  of  base  than  the 
horizontal  section  of  its  body  amounts  to,  even  if  it  be 
so  much  more  taken  out  of  the  water-way,  unless  it 
should  be  deemed  the  better  alternative  to  hack  oat  - 
the  bed  of  the  river,  and  to  place  the  footings  of  the 
pier  within  it. 

The  preparation  of  artificial  foundations,  whether  in 
the  beds  of  rivers  and  other  waters,  or  on  land,  is  too 
large  and  extensive  a  subject  to  enter  into  a  treatise  like 
the  present,  but  reference  may  be  made  here  to  the  re- 
marks on  founding  bridge  piers  at  page  117  et  seqq.,  ante, 
in  connexion  with  the  diagrams  at  page  118,  of  the  sub- 
ject of  which  the  following  are  in  further^illustration : — 


Jjon^tudinal  section  o(  a  bay,  with  invert  to  diatribute  weight. 

1  I 


Transverse  section  of  bay,  showing  elevation  of  a  pier  and  the  groining 
out  of  iovert  to  sheeted  fender-sill. 
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It  ought  not  to  be  necessary  to  mention  here  the  im- 
portance in  all  works  of  masonry  of  attending  strictly 
and  carefully  to  that  interlacing  of  stones  in  courses 
known  by  the  term  bonding,  and  this  in  whatever  form 
the  stones  are  disposed ;  whether  in  horizontal  courses 
rising  vertically,  or  in  courses  with  beds  inchned  to  the 
horizon  and  rising  in  a  bending  form,  as  in  arches,  or 
whether  it  be  in  the  length  or  the  thickness  of  a  piece  of 
work.  This  may  be  said,  however,  that  there  need  be 
no  limit  to  the  length  of  stones  in  wrought  and  gauged 
work,  where  the  work  is  accurately  wrought  and  pro- 
perly disposed  by  bonding ;  but  if  there  be  any  reason 
in  the  mode  of  conducting  the  work  for  providing 
against  irregular  settlements,  stones  of  greater  length 
than  twice  and  a  half  the  thickness  of  the  courses  in 
which  they  occur  should  not  be  introduced,  and  generally 
the  settlement  of  gauged  masons'  work  will  be  more 
equable  the  more  regularly  the  stones  are  disposed  as 
to  length  and  heading.  When  masons'  work  is  executed, 
however,  as  it  ought  always  to  be,  and  in  bridge  con- 
structions particularly,  so  that  it  shall  retain  unyield- 
ingly the  exact  form  and  position  given  to  it,  stones 
need  not  be  restricted  in  length  in  any  part,  unless  it 
be  for  the  purpose  of  the  bond.  In  coursed  rubble 
masonry,  again,  where  settlement  must  be  provided 
against,  the  stones  employed  should  be  in  no  case  of 
greater  length  than  the  proportion  above  stated ;  and 
no  stone  should  occupy  in  depth  more  than  the  thick- 
ness of  a  course. 

Cramps  and  bed-joggles^^'  ought  to  be  unnecessary  in 
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bridge  piers,  unless  it  be  in  their  cutwaters,  perhaps ; 
for  good  workmanship  appUed  in  forming  the  beds,  and 
good  sense  in  bonding  the  stones, — proper  mortar  being 
appUed  in  all  cases,  to  the  perfect  exclusion  of  water 
from  the  beds  and  joints, — will  do  all  that  cramps  and 
joggles  can  do  to  enable  the  piers  to  perform  their  duty. 
As  cutwaters,  however,  do  not  fall  directly  within  the 
gravitating  force  of  the  upper  works  of  a  bridge,  as 
the  body  of  the  pier  does,  and  as  they  are  liable  to 
severe  concussions  in  a  horizontal  direction,  it  is  desirable 
that  the  upper  courses,  at  the  least,  of  cutwaters  should 
be  dowel-joggled  in  the  beds,  and  cramped  in  the  joints, 
whilst  the  heads  or  covering  stones  of  cutwaters  should 
be  in  single  blocks  whenever  it  is  possible  to  obtain 
blocks  of  sufficient  size  and  of  proper  quality,  and  the 
means  are  at  hand  of  applying  them.  These  should 
also  bond  into,  and,  indeed,  form  part  of  the  impost  or 
blocking  course  which  receives  the  springing  courses  of 
the  arches. 

As  the  abutments  of  a  bridge  have  to  sustain  not  only 
directly  vertical  gravitating  force,  but  also  to  withstand 
it  in  the  form  of  lateral  thrust,  all  those  parts  of  an 
abutment  that  fall  within  the  action  of  lateral  thrust 
should  be  joggled  in  the  beds  ;  but  much  labour  may 
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be  saved  when  horizontal  coursing  is  used,  and  the  mere 
weight  of  the  mass  depended  on  to  resist  lateral  thrust, 
by  varying  the  coursing,  or  bonding  in  the  beds  ver- 
tically, as  well  as  bonding  in  the  longitudinal  direction 
horizontally.  This  is  a  mode  of  toothing  or  locking 
work  together,  however,  that  must  not  be  adopted  with- 
out a  proper  system ;  for  if  it  be  intrusted  to  the  work- 
man to  do  it  in  his  own  way,  either  unnecessary  expense 
may  be  incurred  or  the  work  may  not  be  done  with  the 
desired  effect. 

It  is  very  desirable  that  all  the  arch-stones  of  a  large 
and  flat  arch  should  be  dowel-joggled  in  the  beds ; 
but  as  the  usual  dowel-joggle  cannot  be  introduced  with 
the  key-course,  plugs  of  proportionate  size  must  be 
used  instead,  and  the  stones  may,  besides,  be  cramped 
together.  In  arches  of  small  size,  or  in  large  ones  of 
quick  sweep,  joggling  may  not  be  so  desirable  as  in 
those  of  large  size  and  flat  sweep ;  though  it  is  to  be 
understood  that  in  any  case  both  joggles  and  cramps 
should  be  considered  as  surplusage,  and  as  precautions 
merely,  to  counteract  the  effect  of  any  imperfections  in 
the  work  from  w^ant  of  fulness  in  any  of  the  stones  in 
an  arch,  or  otherwise. ^^ 

The  horizontal  coursing  in  the  spandrels  and  haunch 
walls,  and  over  the  piers,  need  not  be  either  joggled 

^^  In  building  London  Bridge  iron  bars  were  let  into  the  back 
ends  or  tails  of  the  arch-stones,  and  run  with  lead  as  cramps  or 
transverse  ties  in  several  courses,  and  they  do  not  appear  to  have 
produced  any  injurious  eft'ect,   though  it  may  be  questioned  how  far 
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or  cramped,  unless  they  are  subjected  to  any  undue 
or  lateral  pressure,  in  which  case  it  is  desirable  that 
the  various  courses  should  have  the  connexion  that 
the  dowel-joggle  gives  to  secure  their  acting  together. 
Blocking  and  cornice  courses  should  be  joint-joggled 
and  cramped,  and  parapet  and  coping  courses  joint- 
joggled  and  plugged  with  lead. 

In  all  heavy  works  of  masonry,  and  particularly  in 
heavy  bridge  works,  to  render  fine  dressing  to  the 
external  faces  of  the  stones  unnecessary,  and  to  carry 
the  bearing  at  once  into  the  substance  of  every  block 
employed,  it  is  desirable  to  take  off  the  arrises  at  an 
angle  of  45°  with  the  general  line  of  the  face  of  the 
stone  at  the  outer  edges  of  the  beds ;  and  it  is  parti- 
cularly important  that  this  should  not  be  omitted  to 
the  edges  of  the  beds  in  the  soffits  of  large  arches. 
The  same  may  be  done,  as  a  matter  of  taste  or  fancy, 
in  like  manner,  to  the  heading  joints,  but  it  is  not  other- 
wise desirable  to  them.  In  setting  masons'  work,  the 
blocks  should  be  showed  into  their  places,  as  workmen 
term  it,  to  see  that  they  are  properly  fitted  and  adapted 
in  every  respect ;  and  then  all  the  surfaces  to  be  brought 
together,  both  beds  and  joints  of  the  already  bedded 
stones,  as  well  as  of  the  stone  to  be  set,  should  be 
first  made  quite  free  from  dust,  then  moistened  with 
soft  water,  and  then  payed  fairly  and  evenly  with  the 
mortar  used,  the  mortar  being  in  a  soft  but  not  a  fluid 
state,  pressed  with  the  trowel  into  all  the  interstices 
of  the  stone  to  drive  out  the  air;  and,  whenever  cir- 
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set  down  into  its  place,  it  should  be  made  to  slide 
rather  than  to  drop,  to  allow  the  air  to  escape,  for 
otherwise  globules  may  he  retained  within  the  mortar, 
and  prevent  the  joint  from  being  a  sound  one.  Mere 
dropping  down  is  not  enough,  indeed,  with  even  the 
heaviest  blocks ;  but,  when  seated,  the  stone  should 
be  struck  with  a  mallet,  maul,  or  beetle  (of  wood), 
of  weight  proportionate  to  tlie  magnitude  of  the  block ; 
for  blows  may  be  so  applied  as  to  draw  a  stone  up  in 
the  joints,  while  the  effect  of  concussion  is  to  make  it 
settle  down  in  its  bed. 

In  setting  the  upper  courses  of  a  large  arch,  some 
have  affected  to  put  the  stones  in  their  places  dry,  and 
to  run  the  joints  with  grouting  mortar  to  fill  them  when 
all  the  courses  and  key-stones  were  placed.  This  cer- 
tainly affords  the  means  of  arranging  the  stones  verj- 
accurately,  and  of  making  every  one  take  its  proper 
place  and  position ;  but  it  does  not  insure  the  tilting  of 
the  joints,  or  the  spaces  between  the  stones,  with  solid 
matter,  nor  does  it  give  the  means  of  working  it  into 
the  pores,  if  the  term  may  be  used,  of  the  stone,  unless 
greater  space  be  allowed  in  the  joints  than  mortar  would 
occupy  if  applied  in  the  usual  way.  Mortars  that  ex- 
pand in  setting  may  compensate  for  the  disadvantages 
cited  by  occupying  all  the  voids  completely ;  but  tills 
quality  of  expansion  may  not  he  sufficient  to  com- 
pensate for  the  great  fluidity  that  must  be  given  to  the 
mortar  to  carry  it  tlirough  the  fine  crevice  that  alone 
should  be  left  between  the  stones  of  a  bridge  arch  for 
mortur  to  occupy.     Tlie  usual  mode  in  building  a  large 
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arch  is  to  bed  the  stones  from  the  springers  upwards  on 
both  sides  ahke;  that  is,  to  build  up  the  arch  simul- 
taneously on  the  two  sides,  or  from  its  two  springings, 
until  the  space  for  the  key-stone  course  alone  remains 
unoccupied  at  the  summit  of  the  arch.  The  key-stones 
should  be  worked  to  fit  accurately,  but  not  tightly  and 
so  as  to  bind  in  dropping  down  into  their  places;  for 
if  they  have  to  be  driven  they  are  likely  to  force  out 
spalls  from  the  lower  angles  and  soffits  of  the  stones 
between  which  they  are  driven.  It  is  stated  in  an  ac- 
count of  the  New  or  Grosvenor  Bridge  over  the  River 
Dee,  at  Chester,  in  the  first  volume  of  Transactions  of 
the  Institution  of  Civil  Engineers,  that,  "  In  setting  the 
key-stones  three  thin  strips  of  lead  were  first  hung  down 
on  each  of  the  stones  between  which  they  were  to  be 
inserted,  and  the  key-stone  being  then  smeared  with  a 
thin  greasy  putty  made  of  white  lead  and  oil  [linseed], 
was  driven  down  with  a  small  pile  engine,  the  lead 
acting  as  a  slide,  and  preventing  grating  until  the  stone 
was  quite  home."  In  this  case  it  is  not  unlikely  that 
the  bearing  is  even  now  entirely  upon  the  strips  of  lead, 
and  it  would  have  been  much  better  to  use  lead  sheets  to 
cover  the  beds  on  both  sides,  when  the  whole  of  both 
joints  would  have  been  securely  stopped,  and  the  bearing 
distributed  certainly  over  all.  A  mistaken  notion  existed 
probably  that  some  advantage  was  derivable  from  the 
adhesiveness  of  the  putty  when  it  should  set ;  but  the 
putty  would  shrink  in  setting,  and  leave  an  imperfectly 
filled  joint  that  no  adhesiveness  throughout  parts  of  it 
could  compensate  for. 
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The  joints  oS  arch-stones  of  bridges  must,  in  the  most 
accurately  executed  works,  occupy  some  space,  or  rather 
there  must  be  some  space  between  tlie  stones  when 
cementing  matter  is  used  at  all ;  and  this  space  should 
be  of  equal  thickness  throughout,  that  is,  the  adjacent 
beds  of  stones  should  be  in  peifectly  parallel  planes,  and 
these  planes  parallel  to  a  Hue  at  right  angles  to  the  tan- 
gent of  the  curve  at  the  soffit  of  the  arch  at  the  point 
which  hes  between  the  stones  abutting  the  joint ;  or,  if 
the  curve  be  part  of  a  circle,  the  radius  should  mn 
through  the  middle  of  tlie  space  forming  the  joints,  and 
the  beds  of  the  adjacent  stones  be  parallel  to  it. 

Much  ingenuity  and  great  expense  have  been  wasted 
in  the  composition  and  erection  of  centres  for  bridge 
arches,  and  generally  the  most  laboured  and  the  most 
costly  have  been  the  most  inefficient.  The  end  sought 
is  the  BUf^rt  of  the  parts  of  an  arch  in  the  exact 
position  assigned  them,  until  the  arch  is  completed  and 
the  softer  portions  of  the  composition  are  indurated  suf- 
ficiently to  resist  the  pressure  of  the  materials  of  the 
arch  within  itself,  when  the  weight  may  be  transferred 
through  the  support  given  to  one  another  by  the  various 
parts  of  an  arch,  to  the  piers  and  other  permanent 
points  of  support  from  which  the  arch  is  spning.  In 
pursuing  this  end.  it  is  absolutely  necessary  to  pro- 
vide in  all  cases  for  the  gradual  and  equable  removal 
of  the  support  upon  which  the  substances  employed  and 
arranged  in  an  arch  have  depended ;  for  although  the 
aim  in  putting  the  parts  together  is,  or  ought  to  be,  so 
to  dispose,  work,  and  set  them,  that  they  may  be  left 
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arch  is  to  bed  the  stones  from  the  springers  upwards  on 
both  sides  aUke;  that  is,  to  build  up  the  arch  simul- 
taneously on  the  two  sides,  or  from  its  two  springings, 
until  the  space  for  the  key-stone  course  alone  remains 
unoccupied  at  the  summit  of  the  arch.  The  key-stones 
should  be  worked  to  fit  accurately,  but  not  tightly  and 
so  as  to  bind  in  dropping  down  into  their  places ;  for 
if  they  have  to  be  driven  they  are  likely  to  force  out 
spalls  from  the  lower  angles  and  soffits  of  the  stones 
between  which  they  are  driven.  It  is  stated  in  an  ac- 
count of  the  New  or  Grosvenor  Bridge  over  the  River 
Dee,  at  Chester,  in  the  first  volume  of  Transactions  of 
the  Institution  of  Civil  Engineers,  that,  "  In  setting  the 
key-stones  three  thin  strips  of  lead  were  first  hung  down 
on  each  of  the  stones  between  which  they  were  to  be 
inserted,  and  the  key-stone  being  then  smeared  with  a 
thin  greasy  putty  made  of  white  lead  and  oil  [linseed], 
was  driven  down  with  a  small  pile  engine,  the  lead 
acting  as  a  slide,  and  preventing  grating  until  the  stone 
was  quite  home."  In  this  case  it  is  not  unlikely  that 
the  bearing  is  even  now  entirely  upon  the  strips  of  lead, 
and  it  w^ould  have  been  much  better  to  use  lead  sheets  to 
cover  the  beds  on  both  sides,  when  the  whole  of  both 
joints  would  have  been  securely  stopped,  and  the  bearing 
distributed  certainly  over  all.  A  mistaken  notion  existed 
probably  that  some  advantage  was  derivable  from  the 
adhesiveness  of  the  putty  when  it  should  set ;  but  the 
putty  would  shrink  in  setting,  and  leave  an  imperfectly 
filled  joint  that  no  adhesiveness  throughout  parts  of  it 
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The  joints  of  arch-stones  of  bridges  must,  in  the  most 
accurately  executed  works,  occupy  some  space,  or  rather 
there  must  be  some  space  between  the  stones  when 
cementing  matter  is  used  at  all ;  and  this  space  should 
be  of  equal  thickness  throughout,  that  is,  the  adjacent 
beds  of  stones  should  lie  in  perfectly  parallel  planes,  and 
these  planes  parallel  to  a  line  at  right  angles  to  the  tan- 
gent of  the  curve  at  the  soffit  of  the  arch  at  the  point 
which  Ues  between  the  stones  abutting  the  joint ;  or,  if 
the  curve  be  part  of  a  circle,  the  radius  should  run 
through  the  middle  of  the  space  forming  the  joints,  and 
the  beds  of  the  adjacent  stones  be  parallel  to  it. 

Much  ingenuity  and  great  expense  have  been  wasted 
in  the  composition  and  erection  of  centres  for  bridge 
arches,  and  generally  the  most  laboured  and  the  most 
costly  have  been  the  most  inefficient.  The  end  sought 
is  the  support  of  the  parts  of  an  arch  in  the  exact 
position  assigned  them,  until  the  arch  is  completed  and 
the  softer  portions  of  the  composition  are  indurated  suf- 
ficiently to  resist  tiie  pressure  of  the  materials  of  the 
arch  within  itself,  when  the  weight  may  be  transferred 
through  the  support  given  to  one  another  by  the  various 
parts  of  an  arch,  to  the  piers  and  other  permanent 
points  of  support  from  which  the  arch  is  sprung.  In 
pursuing  this  end,  it  is  absolutely  necessary  to  pro- 
vide in  all  cases  for  the  gradual  and  equable  removal 
of  the  sujiport  upon  wliich  the  substances  employed  and 
arranged  in  an  arch  have  depended ;  for  although  the 
aim  in  putting  the  parts  together  is,  or  ought  to  be,  so 
to  (lis])ose,  work,  and  set  them,  that  they  may  be  left 
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without  the  artificial  support  of  centering  when  all  the 
required  conditions  of  the  structure  are  once  fulfilled, 
the  withdrawal  of  the  support  suddenly  or  irregularly 
would  occasion  a  shock  that  might  induce  collapse  in 
even  the  best  arranged  and  most  perfectly  wrought  arch. 
Besides  upholding  the  parts  of  an  arch  before  they  are 
placed  in  a  condition  to'act  together  for  mutual  support, 
provision  must  be  made,  therefore,  for  the  equable  and 
gradual,  as  well  as  easy,  removal  of  the  means  used  to  up* 
hold  them,  and  that  such  provision  should  be  perfectly 
under  control.  The  arrangements  generally  adopted  to 
this  effect  are  shown  in  Plate  28 ;  and  under  the  com- 
pleted arch  marked  F,  the  method  of  easing  the  centering, 
by  driving  back  the  wedges  on  which  it  has  rested,  and 
of  eventually  striking  it  wholly,  is  indicated  by  men 
working  pendulum  beetles. 

But  as  the  most  important  bridges  are  built  over  navi- 
gable rivers,  in  which  it  is  required  that  the  navigation 
shall  not  be  stopped  by  the  preparations  for  building  a 
bridge,  the  temporary  supports  to  bridge  arches,  known 
as  centres,  have  generally  to  be  so  disposed,  with  reference 
to  their  own  supports,  as  to  leave  both  breadth  and  head- 
way sufficient  for  the  passage  of  craft  ordinarily  navi- 
gating the  water-way.  To  attain  this  end, — it  must  be 
supposed, — centres  have  been  commonly  framed  in  the 
most  extravagant  ways,  and  generally  with  the  effect  of 
making  them  both  bear  upon  and  thrust  against  the 
piers  on  which  the  arch  is  to  be  sprung.  The  mere 
bearing  of  the  centering  upon  the  pier  destined  to 
carry  the  arch,  upper  works,  and  load,  would  be  harm- 
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less  if  it  were  made  to  bear  apcm  the  body  of  the  pier 
eqoabljr;  but  the  plan  generaDy  adopted  has  been  to 
make  the  centering,  and  consequently  the  ardi  when 
in  course  of  construction  upon  it,  to  bear  upon  the 
footings  only,  or  upon  the  footing  and  upon  corbels 
projecting  from  the  faces  of  the  pier.  Plates  1,  28, 
and  52*,  show  examples  of  these  vicious  modes  of 
supporting  centres ;  and  all  three  examples  are  so  com- 
posed that  they  thrust  against  the  points  of  support 
laterally,  as  well  as  press  vertically ;  whilst  they  have 
not  the  power  in  a  lengthened  series,  as  shown  in  Plate 
28,  of  counteracting  each  other's  thrust  upon  the  piers 
respectively,  except  by  virtue  of  their  load,  which  must 
therefore  be  applied  throughout  the  whole  length  con- 
tinuously, if  not  simultaneously.  Most  of  Perronet's  cen- 
tering has  this  defect ;  and  most  of  the  greater  centres 
by  other  eminent  bridge-builders  are  open  to  the  ob- 
jection that  the  passage  for  craft  is  not  retained  more 
perfectly  than  it  might  be  by  much  simpler  means, 
whilst  the  centres  themselves  were  far  less  inflexible 
than  they  might  be  rendered  if  so  much  were  not  at- 
tempted. 

Another  very  important  object,  in  an  economical  point 
of  view,  is  generally  aimed  at,  but  mostly  without  success, 
because  of  the  wrong  direction  of  the  aim.  Centering 
for  large  arches  is  considered  costly  because  of  the  large 
quantity  of  timber  it  consumes ;  and  the  attempt  to 
economize  in  quantity  is  made  for  the   most   part    at 
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combine  it, — at  the  expense  of  large  quantities  of  iron- 
work to  step,  bind,  and  tie  the  timber, — and  of  labour  in 
cutting,  boring,  fitting,  and  putting  together,  that  might 
be  dispensed  with  in  proportion  as  these  operations  are 
hmited.  Now  the  proper  mode  to  economize  in  bridge 
centres  is  to  arrange  the  timber  in  such  manner  that 
it  may  receive  the  least  possible  damage  from  cutting  and 
boring,  and  be  of  use  again.  Smeaton  professed  to 
compose  his  centering  upon  this  principle,  not  so  much 
to  employ  little  timber  as  to  dispose  what  he  used  so 
as  to  injure  it  as  little  as  possible,  and  thereby  economize 
not  only  in  timber  but  in  iron -work  and  in  labour. 
Piles  driven  into  the  bed  of  a  river  in  bays  wide 
enough  for  craft  to  pass  through,  and  sufficiently  deep 
to  carry  the  weight  to  be  imposed  without  yielding, 
are  more  efficient  for  the  support  of  the  load  than  the 
remote  footings  of  the  piers  can  be,  when  the  weight  has 
to  travel  to  the  latter  through  the  ramified  thrusts  and 
bearings  of  a  large  framed  centre  without  a  longitudinal 
tie.  In  this  point  of  view,  the  mode  of  supporting  the 
centering  shown  in  Plates  25  and  85  is  far  preferable 
to  the  modes  indicated  in  Plates  28  and  52".  Two  of 
the  best  examples  published,  however,  of  bridge  arch 
centres, — for  economical  composition,  proper  disposition 
to  carry  the  load  of  an  arch  in  course  of  construction, 
and  for  efficient  supports, — owe  nothing  to  the  engineer- 
architects  who  designed  the  bridges,    or   directed  their 
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of  Mr.  Telford's  Gloucester  Over-bridge  by  Mr.  C3ai^!l, 


Mr.  Tnibshaw's  centering  to  Grosrenor  Bridge,  Chester. 
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Mr.  CargUl's  centering  to  the  Gloucester  Over-bridge. 

the  respective  contractors  for  executing   the    works  of 
those  bridges.     The  duty  of  the  temiJorarj-  stone  piers 
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water  than  is  here  indicated,  by  piles,  and  piles  more 
frequently  repeated  than  the  piers  are,  or  driven  in 
couples  to  receive  the  radiating  struts,  and  it  is  to  be 
understood  that  the  wedges,  by  means  of  which  the 
bearing  of  the  arch  is  to  be  taken  off  the  centres,  are 
under  the  lagging  or  open  planking  on  which  the  stones 
rest,  and  not  under  the  centres  themselves;  so  that 
the  easing  may  take  place  in  the  most  gradual  manner, 
and  the  lagging  may  be  taken  out  plank  by  plank,  and 
from  any  part  that  may  be  desired  first,  as  the  work  may 
give  indications  on  being  eased.  A  point  greatly  de- 
serving attention  in  this  centre  is  that  the  bearing 
timbers  are  all  opposed  to  the  weight  endwise,  so  that 
the   effect  so  commonly  and  mischievously  felt  in  the 
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ficient  attention  to  this,  it  has  often  happened  that  the 
forms  of  the  arches  have  been  deranged,  and  some  arches 
have  actuaUv  fallen:  these  considerations,  which  have 
reference  to  works  of  the  greatest  importance,  have 
appeared  to  me  to  merit  the  attention  of  the  Academy 
and  of  the  public,  as  well  as  of  those  who  are  intrusted 
with  the  duty  of  designing  and  constructing  them."^ 

^  Lm  d  la   raUree  publiqme  de  VAcademue  Rofole   de$   Sdemces,   le 
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If  a  work  as  a  bridge  be  well  composed  constructively, 
whatever  may  be  the  constituent  material  or  materials 
employed,  and  whatever  may  be  the  kind  of  construc- 
tion, it  can  hardly  fail  to  be  an  agreeable  object,  for  it 
will  certainly  possess  the  essentials  to  beauty  in  archi- 
tectural  composition, — simplicity  and   harmony.     The 
introduction  of  any  thing  not  necessary  to  the  construc- 
tion, the  omission  of  what  is  requisite,  or  the  substitution 
of  a  bad  expedient  for  a  good  one,  will  assuredly  tell 
injuriously  upon  the  eye,  how  incompetent  soever  the 
observer  may  be  to  determine  the  cause  of  the  defect, 
or  even  in  what  the  defect  may  consist.    It  is  impossible, 
therefore,  to  draw  any  line  between  the  constructive  and 
the  decorative, — or  what  is  commonly  termed  the  archi- 
tectural,— composition  of  a  bridge ;  but  it  may  not  be 
without  use  to  point  out  what  is  to  be  avoided,  and  to 
suggest  how  the  works  of  a  bridge  may  be  at  the  same 
time  economized  and  made  consistent  with  a  better  taste 
than  has  been  generally  brought  to  bear  upon  such  com- 
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Let  the  designer  dispossess  his  mind  of  any  pre- 
conceived notion  that  a  bridge  should  be  of  such  and 
such  forms  and  arrangements,  and  aim  simply  to  supply 
a  construction  to  fulfil  the  services  required  with  the 
means  and  materials  at  his  disposal ;  and  he  should  also 
most  carefully  avoid  all  reference  to  what  he  may  have 
understood  to  be  necessary  to  architectural  adornment, 
unless  such  should  grow  out  of  the  subject  itself  and 
become  essential  to  it.  Brick  and  stone,  when  used  in 
bridge  constructions,  are  almost  of  necessity  cast  into  the 
form  of  an  arch  or  of  arches,  because  these  substances 
are  most  conveniently  appUed  in  that  form  to  fulfil  the 
conditions  required  of  a  bridge;  but  although  timber 
and  iron  may  be  applied  in  bowed  forms  with  great 
advantage  in  some  cases,  neither  of  these  substances  can 
be  employed  in  practice  for  the  construction  of  arches 
without  inconsistency,  nor  can  the  forms  which  brick 
and  stone  almost  impose  upon  the  constructions  in  which 
they  are  employed,  respectively  or  combinedly,  be  pro- 
duced with  either  timber  or  iron  without  absurdity.  It 
is  not  more  absurd,  however,  to  compel  timber  and  iron 
to  assume  forms  inconsistent  with  tlieir  qualities  and 
capabihties,  than  it  is  to  apply  to  a  bridge  devices,  w^th 
a  view  to  decoration,  that  may  have  been  found,  or 
fancied,  productive  of  good  effect  in,  or  upon,  a  palace 
or  a  church. 

It  is  false  taste  that  seeks  to  compel  materials  to 
assume  inappropriate  forms, —  forms  inconsistent  with 
their  constructive  quaUties, — and  that  imposes  arrange- 
ments for  decorating  a  bridge  as  capricious  as  attempts 
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to  improve  nature  by  carving  an  oak  into  the  form  of 
a  yew,  or  by  clipping  a  yew  into  the  shape  of  a  peacock. 
There  is  an  almost  inherent  source  of  false  taste  in  bridge 
elevations,  found  in  the  practice  of  the  middle  ages,  when 
bridges  were  made  for  men  and  horses  only,  and  con- 
sequently very  narrow.  This  consists  in  carrying  up  the 
cutwaters  as  buttress-counterforts  to  the  piers  the  whole 
height  of  a  bridge,  to  enable  the  piers  to  withstand  the 
weight  and  flow  of  water  in  floods,  and  which  the  com- 
bined shortness  and  thickness  of  the  piers,  and  the 
comparative  diminutiveness  of  the  bays,  of  bridges  ren- 
dered constructively  necessary.  A  bridge  wide  enough 
for  wheeled  carriages  to  pass  upon  it,  or,  indeed,  any 
bridge  properly  composed  as  to  the  relative  thicknesses 
of  the  piers  and  the  widths  of  the  openings  between 
them, — the  work  being  withal  properly  executed, —  can 
never  require  extraneous  strength  to  resist  the  force  of 
the  water  in  ordinary  cases ;  but  notwithstanding  this, 
in  situations  where  nothing  in  any  degree  extraordinary 
exists,  or  is  likely  at  any  time  to  arise,  Westminster  and 
London  Bridges  have  counterfort  projections  against  their 
faces  over  the  cutwaters,  and  Blackfriars'  and  Waterloo 
Bridges  have  distorted  representations  of  parts  of  an 
ancient  Greek  or  Roman  temple,  or  other  structure 
of  the  kind,  appended  to  them,  by  way  of  giving  an 
architectural  effect  to  the  elevations,  whilst  it  is  certain 
that  they  are  as  inconsistent  with  good  taste,  as  their 
uselessness    in    the    constructions    shows    them   to    be 
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minations  of  the  cutwater  counterforts  upon  the  ends  of 
piers  were  turned  to  use,  as  they  formed  recesses  that 
practically  widened  the  road-ways  by  affording  spaces 
at  intervals  in  which  travellers  could  stand  aside  while 
a  pack  or  other  laden  horse  or  mule  passed  by.  In 
modern  practice  these  recesses  have  still  been  made, 
though  the  excuse  for  them  has  ceased  with  the  in- 
creased width  given  to  a  bridge,  especially  when  there 
are  foot-ways  clear  of  the  carriage  road,  and  the  use 
to  which  such  recesses  are  too  frequently  applied 
renders  them,  not  only  unfit  for  resting-places  in  which 
to  stand  and  look  around,  but  offensive  to  the  decent 
passer  by. 

The  piles  or  piers,  as  the  case  may  be,  must  of  course 
have  in  themselves,  and  with  their  cutwaters,  length 
enough  in  the  direction  of  the  stream  to  withstand  the 
greatest  force  of  the  water,  of  any  thing  that  the  stream 
may  bring  along  with  it,  and  of  the  wind  acting  in  the 
direction  of  the  current  of  water  upon  the  superstructure. 
This  length,  in  the  case  of  a  foot-bridge  whose  upper 
works  are  timber  or  iron,  may  be  of  necessity  much 
greater  than  the  width  of  the  bridge ;  and,  to  allow  the 
bays,  or  openings  from  pier  to  pier,  to  be  as  great  as  pos- 
sible, the  main  bridging  timbers  or  iron  frames,  as  longi- 
tudinal beams  or  ribs,  require  to  be  kept  the  full  width  of 
the  intended  road-way  apart,  to  obtain  sufiicient  effect  for 
the  horizontal  bracing  of  the  beams  or  ribs  to  stiffen 
them  and  check  vibration ;  but  when  the  road-w^ay  is 
intended  for  carriages  it  must  be  so  wide  that  the  length 
of  the  pier  may  be  generally  brought  within  the  width 
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of  the  bridge.  In  most  cases,  however,  when  a  bridge 
exceeds  in  width  one-fifth  of  the  longitudinal  bay  or  span 
from  pier  to  pier,  the  main  bearing  constructions  may  be 
restricted  to  that  proportion,  unless  that  should  fall  within 
the  extent  of  the  heavy  and  concussive  traffic ;  and  the 
floor  may  be  made  to  run  out,  or  oversail,  laterally,  with 
its  joists  or  transverse  bearers,  as  the  arrangement  may 
happen,  the  whole  or  any  part  of  the  extent  of  foot-ways. 
A  bold  effect  can  be  thus  produced  by  an  economical 
arrangement  of  the  main  constructions,  and  any  requisite 
additional  stiffness  to  the  projected  parts  of  the  floor 
may  be  given  by  stepping  straight  or  curved  struts  or 
solid  brackets  into  the  longitudinal  beam,  or  other  under- 
works, upon  which  the  ends  of  the  joists  may  be  again 
secured.  If  the  situation  and  use  of  the  bridge  render 
enrichment  desirable,  the  oversailing  ends  of  the  joists 
and  the  brackets  may  be  cut  or  cast  of  moulded  forms ; 
these  being  capped  by  the  edges  of  the  floor  rendered 
deeper  by  the  plinth  of  a  parapet,  and  a  well-disposed 
parapet  railing  being  carried  out  to  the  extremity  to 
crown  the  work,  will  give  decorative  effect  to  the  fullest 


K4  ARCHITECTURAL  TREATISE. 

equal  to  ooe  tran^rerse  bay  of  Southwark  Bridge  mi^it 
have  been  omitted,  and  a  great  saving  effected  in  the 
co«t  of  the  whole  work ;  or  the  efficiencr  of  the  bridge 
mi^iit  have  been  increased  and  its  appearance  improred 
at  a  com parati rely  trifling  additional  ejqiense :  the  same 
remark  will  apply  to  almost  all  similar  constructions  of 
materials  that  mav  be  trusted  to  carrv  wei^t  transversely, 
as  timber  and  iron  mav. 

The  upper  works  of  the  Pont  d'lvry,  a  timber  bridge 
over  the  Seine  near  Paris,  on  piers  of  masonry,  is  very 
much  in  the  manner  here  recommended,  and  with  very 
good  effect,  but  that  the  parapet  railing  does  not  stand 
on  the  outer  ed^e  to  give  full  value  to  the  bold  over- 
saihng  cornice,  both  as  a  matter  of  decorative  dispo- 
sition, and  to  bring  the  space  within  the  road-way.  The 
effeclive  width  of  the  bridge  might  have  been  3  feet 
more  than  it  is,  and  the  appearance  of  the  work  greatly 
improved,  with  no  addition  to  the  expense. 

When  the  constructive  arrangement  for  bearing  is 
such  as  to  require  the  framing  to  rise  above  the  level 
of  the  road-way,  this  can  be  only  effected  without  incon- 
venience at  the  extremities  of  the  width,  or  between  the 
carriage-way  and  the  foot-ways.  The  disposition  above 
indicated  would  place  the  rising  ribs  in  the  latter  po- 
sition, and  between  the  two  positions  this  is  construc- 
tively the  better.  Railway  bridges  require  the  rising  ribs 
to  be  placed  at  the  extremities,  of  necessity,  because  it  is 
not  supposed  that  more  \sidth  is  given  on  such  bridges 
than  enough  to  allow  the  trains  to  pass  freely  and  leave 
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As  a  matter  of  taste,  as  well  as  of  constructive  pro- 
priety, the  masonry  or  brick-work  piers  of  bridges,  whose 
carrying  constructions  and  upper  works  are  of  timber  or 
iron,  should  terminate  where  the  carrying  constructions 
commence.  The  iron  bridge  over  the  Lary,  near  Ply- 
mouth, before  spoken  of  in  a  note  at  page  78,  presents 
an  example  of  much  good  taste  in  this  respect,  as  in 
respect  of  the  form  given  to  the  iron  ribs,  the  piers  pre- 
senting throughout  a  fair  substructure  to  the  bridging 
works,  whilst  they  are  themselves  well  composed  and  of 
graceful  form.^  Southwark  and  Vauxhall  Bridges,  over 
the  Thames  at  London,  have  the  masonry  unnecessarily, 
if  not  injuriously,  carried  up  between  the  bridging  works  ; 
and,  in  like  manner,  the  timber  viaducts  upon  the  New- 
castle, North  Shields,  and  Tynemouth  Railway,  (Plates 
11,  12,  13,  14,  15,)  in  many  respects  admirable  com- 
positions, are  open  to  objection.  Far  less  substance  in 
the  piers  themselves  would  have  been  sufficient  for  useful 
service  and  for  appearance,  if  the  masonry  had  ceased 
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where  the  arch-formed  ribs  spring,  and  the  necessity  for 
a  useless  rubble  or  concrete  core  avoided.  It  would  be 
hypercritical  to  object  that  the  dripstone  cornices  belong 
to  another  style  than  that  to  which  the  segmental  ribs 
appertain,  as  they  are  well  adapted  to  their  purpose; 
but  there  needed  no  set-off  on  the  faces  of  the  piers 
between  the  base  moulding  and  the  springing  level.  The 
transverse  section  of  a  pier,  longitudinally  of  the  bridge, 
at  Plate  13,  shows  a  much  better  outline  than  the  same 
pier  presents  in  a  longitudinal  section,  (called  on  the 
Plate  the  "  transverse  section,")  where  the  dripstone 
cornice  on  the  buttress  faces  breaks  the  sober  simphcity 
which  the  outline  of  a  bridge  pier  should  maintain. 

The  Pont  dlvry,  before  cited  for  the  bold  comice-like 
effect  produced  by  the  oversailing  of  the  bridge-floor  at 
the  sides,  has  the  masonry  carried  up  through  the  para- 
pets with  most  mischievous  effect  upon  the  carpentry 
particularly,  and  with  great  injury  to  the  general  ap- 
pearance of  the  bridge.  Indeed,  this  feature  of  the 
work,  and  the  absence  of  what  the  French  themselves 
call  pose  to  the  ribs  generally,  give  the  work  a  tem- 
porary effect,  whilst  the  pendant  ends  of  the  radiating 
ties  are  in  the  way,  so  as  to  be  most  inconvenient  for 
laden  craft  navigating  the  river. 

Mr.  Stevenson's  Timber  Bridge,  over  the  Clyde  at 
Glasgow  (Plates  6,  7,  8,  and  9),  may  be  pointed  out  as 
an  example  of  a  plain  unaffected  piece  of  composition, 
which  only  requires  the  bolt-heads  and  nuts  to  the 
wahngs  to  be  sunk, — and  the  saving  in  the  length  of 
the  bolts  would  have  paid  for  the  labour  of  sinking  and 
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stopping  over  them, — the  arrises  taken  off  the  outer 
edges  of  the  waling  pieces,  where  they  are  exposed,  and 
the  monotony  of  the  parapet  railing  relieved  by  the  sub- 
stitution of  a  simple  cross  rail,  as  in  the  otherwise  very 
ugly  foot-bridge  at  Abbey  St.  Bathans  (Plate  16),  or 
some  such  expedient,  and  all  that  can  be  required  in 
a  simple  composition  of  the  kind  would  be  attained. 
Perhaps,  however,  it  might  have  been  improved  in  effect, 
as  well  as  economized,  by  the  retrenchment  of  one  row 
of  piles,  and  the  distribution  of  the  rest  under  the  floor ; 
or  perhaps  two  rows  might  be  spared  in  such  another 
case,  widening  the  transverse  bays  in  proportion,  and 
bracing  the  horizontal  bearers  of  the  bridge  floor  in  the 
very  judicious  manner  adopted  in  Mr.  Bull's  occupation 
bridge  at  Plate  1 0. 

The  composition  of  the  abutments  of  a  bridge,  of 
whatever  materials  the  carrying  constructions  of  the 
bridge  may  be,  should  be  bold  and  simple,  of  few  parts, 
and  standing  well  back  from  the  abutting  works.  The 
abutments  of  Staines  Bridge  (Plate  53)  are  of  this  cha- 
racter; and  such  are  the  abutments  of  Perronet's  in- 
tended Melun  Bridges  (facing  page  37,  ante),  whilst  the 
abutments  of  Darlaston  Bridge  (Plate  108),  of  Gloucester 
Over-bridge  (page  39,  ante),  and  of  the  bridge  over  the 
Dora  at  Turin  (page  42,  ante),  are  thrust  close  up  to  the 
abutting  arches,  and  the  two  former,  and  the  Chester 
Bridge  (page  44,  ante),  are  deformed  with  small  and 
mean  parts,  as  pilasters  and  niches,  or  other  things  of  the 
kind.  The  abutments  of  Telford's  iron  bridge  over  the 
Severn  at  Tewkesbury,  spanning  1 70  feet,  are  formed  by 
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a  series  of  small  pointed  arches  of  less  than  5  feet 
opening,  forming  a  bad  composition  of  their  style,  and 
weak  adjuncts  to  the  massive  curved  beams  that  lie  be- 
tween them.  The  abutments  of  London  Bridge  would  be 
very  fine,  if  they  stood  back  clear  of  the  springings  of  the 
abutting  arches ;  and  both  the  granite  arches  of  London 
Bridge  and  the  iron  arched-beams  of  Southwark  Bridge 
appear  to  want  something  to  rest  upon  as  well  as  to  abut 
against.  This  is,  indeed,  a  defect  so  common  that  a 
student  might  suppose  it  to  be  almost  essential  to  the 
composition  of  a  bridge,  that  the  arches  should  appear 
to  hang  between  the  piers  and  abutments  by  virtue  of 
their  lateral  thrust  or  tendency  to  spread,  rather  than 
to  require  or  to  receive  any  support  in  virtue  of  their 
more  natural  direct  gravitating  force  acting  upon  well- 
defined  bearing  points.  This  is  a  defect  not  to  be  found, 
however,  in  the  remains  of  the  bridges  of  Roman  con- 
struction, which  are,  nevertheless,  the  type  of  the  modem 
form  in  almost  all  other  defective  points.  The  abut- 
ments of  the  bridge  at  Neuilly  are  well  composed,  but 
like  the  rest,  the  arches  are  squeezed  in  between,  rather 
than  placed  upon,  the  points  of  support,  whether  they 
are  the  piers  in  the  water-way,  or  the  half  piers  on  the 
faces  of  the  abutments.  Westminster  and  Blackfriars' 
Bridges,  though  both  overlaid  with  pseudo-architectural 
decoration,  are  without  abutments  as  to  appearance  in 
their  elevations,  and  are  consequently  defective  in  a  very 
important  characteristic,  and  one  that  is  quite  essential 
to  give  full  eflfect  to  the  best  arrangements  as  to  com- 
position in  other  respects.     So  important  are  abutment 
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compartments  in  the  composition  of  a  bridge  as  a  matter 
of  taste,  as  well  as  of  construction,  that  it  will  be  often 
worth  while  to  take  something  more  from  the  water- 
way, even  if  it  be  between  retaining  walls  within  a  town, 
than  to  let  a  bridge  stand  in  a  cramped  manner,  as  the 
bridge  of  the  Champ  de  Mars  does  (Plate  56),  and  as 
the  Wellesley  Bridge  at  Limerick  (Plate  54)  appears  to 
stand,  between  the  quay  walls  on  either  side,  as  the  inner 
or  under  arches  of  the  latter  do  between  the  piers. 

In  displaying  the  abutments  of  a  bridge,  lines  that 
may  have  the  effect  of  lengthening  the  bridge  itself  in 
appearance  are  better  than  those  which  bring  out  the 
abutments  to  the  disadvantage  of  the  main  part  of  the 
work.  Lines  extended  in  the  direction  of  the  bridge 
itself  are  perhaps  the  most  appropriate ;  but  as  bridges 
have  to  be  joined  on  to  quays  or  to  approaches  variously 
arranged,  curved  lines  may  become  necessary ;  and  in 
this  case  they  should  be  concave  on  the  outer  face,  both 
for  the  composition  and  for  convenience.  The  Italian 
bridge  at  page  42,  ante,  presents  a  wretched  composition 
in  every  respect,  but  in  nothing  is  it  worse  than  in  the 
convex  masses  into  which  the  abutments  are  thrown. 

The  half-elevation  of  a  bay,  corresponding  in  general 
form  and  dimensions  with  the  collateral  half-elevation  of 
a  bay  according  to  the  existing  design  of  London  Bridge, 
in  Plate  39,  is  intended  to  show,  with  other  things,  that 
a  pier  may  be  reduced  in  bulk  with  reference  to  the 
water-way,  without  diminishing  the  extent  of  its  base 
or  its  efficiency,  even  in  appearance,  whilst  it  is  believed 
that  the  form  given  to  it  is  much  more  graceful  than  the 
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form  of  the  existine  pier,  and  that  the  foil  di 
of  the  arch  from  over  the  head  of  the  pier  aboTC  hig^ 
water  level  improves  the  effect  of  the  compositioD  as  a 
matter  of  taste,  as  it  certainly  diminishes  the  injurious 
effect  of  such  a  work  as  a  bridge  upon  the  water-way. 
The  piers  of  London  Bridge,  from  the  footings  up  to  the 
level  of  half  tide,  where  the  arches  are  sprung,  are  in 
thickness  about  one-sixth  the  reach  of  the  two  half 
arches  resting  upon  them  respectively,  but  at  the  level 
of  Trinity  high  water,  the  space  occupied  by  a  pier  and 
the  immersed  springings  of  the  arches  has  increased  so 
much  as  to  exceed  one-fifth  the  two  half  arches ;  whereas 
by  the  arrangement  proposed,  starting  from  the  same 
extent  of  base,  and  taking  thereby  all  that  is  essential 
to  strength  in  the  foundations,  and  with  ample  substance 
still  remaining  in  the  body  of  the  pier,  the  average  space 
occupied  by  the  pier  is  but  one-seventh  of  the  void, 
whilst  at  the  springing  level  assumed,  being  that  of 
Trinity  high  water,  the  solid  is  reduced  to  one-eighth 
the  void,  instead  of  being  increased  as  at  present  from 
one-sixth  to  one-fifth  between  half  tide  and  high  tide. 
It  has  been  already  shown  that  piers  may  be  greatly 
reduced  below  the  proportion  of  thickness  of  the  piers  of 
London  Bridge ;  and  the  reduction  here  proposed  leaves 
the  work  still  with  so  much  strength,  or  power  of  sus- 
taining the  weight  of  the  superstructure,  in  excess,  that 
it  is  further  proposed,  as  shown  in  the  right-hand  half 
of  the  longitudinal,  and  in  the  transverse  sections,  to 
abstract  from  the  bearings  of  the  upper  works  over  the 
piers,  and  to  introduce  a  longitudinal  groining,  as  first 
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suggested  at  page  166,  ante.  This  arrangement  would 
allow  the  piers  to  be  still  further  reduced  in  bulk  by 
turning  an  invert  within  the  length  of  the  pier  equal  to 
the  span  of  the  groining,  as  shown  by  the  dotted  lines 
on  the  transverse  section ;  but  as  this  would  interfere 
with  and  disturb  the  current  already  divided  by  the  cut- 
water, the  faces  of  the  pier  are  preserved  unbroken  and 
carried  up  with  gauged  masonry  throughout ;  the  heart 
being  filled  in  with  merely  coursed  rubble  where  the 
invert  would  occur.  The  longitudinal  groined  vault  is 
proposed  for  economy,  and  not  on  account  of  any  deco- 
rative effect  it  might  produce  upon  the  composition; 
though  it  is  quite  certain  that,  seen  from  the  river,  and 
in  passing  under  the  bridge,  the  effect  of  the  long  central 
groined  vaulting  would  be  very  striking. 

In  the  diagrams  last  alluded  to,  and  in  the  right-hand 
half-elevation  on  the  same  Plate,  it  will  be  seen  that  the 
arch-stones  have  been  reduced  in  length,  as  it  has  been 
shown  they  might  be  reduced  with  safety,  whereby  the 
head-way  under  the  bridge  might  be  increased  without 
raising  the  road ;  but  as  the  head- way  may  be  supposed 
to  be  enough  as  it  is,  the  new  design  is  made  to  coincide 
with  the  present  work  at  the  soffit  of  the  key-stone 
course,  and  the  advantage  gained  in  reducing  the  thick- 
ness of  the  arch  is  given  to  the  road,  making  it  thus 
nearly  2  feet  lower  over  all.  Under  the  circumstances 
of  the  locality  in  which  London  Bridge  was  placed,  a 
reduction  in  height  of  the  road-way  on  the  bridge  to  this 
extent  would  have  given  the  means  of  saving  a  large 
expenditure,  while  the  ascent  to  the  bridge  on  the  south 
side  would  have  been  so  much  less  steep. 
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The  collateral  half-elevations  of  a  bay  and  the  adjacent 
transverse  sections  of  the  present  bridge,  and  of  the  sug- 
gested improvement  of  the  design  of  the  same,  show  that 
it  is  proposed  to  alter  the  caps  or  copings  of  the  cutwaters 
in  such  manner  as  to  accord  with  the  remarks  before 
stated  upon  the  composition  of  this  part  of  a  bridge  eleva- 
tion. The  counterfort  or  pilaster  projections  are  omitted 
as  useless,  and  the  recesses  upon  them  are  rejected  as 
inconvenient.  The  caps  of  the  cutwaters  are  proposed  to 
be  of  massive  blocks,  forming  the  extremities  of  the 
course  upon  which  the  arches  rest,  sunk  to  weather  in 
curved  forms,  which  are  thought  to  yield  a  more  graceful 
and  fitting  termination  than  the  present  blocking  course 
with  the  convex  blocks  lying  upon  them  and  against  the 
Bpringing  and  haunch-stones  of  the  arches. 

However  well,  or  however  ill,  the  abutments,  piers, 
and  arches  of  a  bridge  may  be  composed  for  decorative 
effect,  the  best  arrangement  of  these  parts  may  be  ren- 
dered ineffective,  and  the  worst  may  be  subdued,  by  the 
mode  in  which  the  elevations  of  the  faces  are  crowned. 
The  elevations  of  the  bridge  of  the  Champ  de  Mars  at 
Paris  (Plates  56,  57),  and  of  the  bridge  at  Staines 
(Plate  53),  have  been  already  spoken  of  as  examples 
worthy  of  notice ;  but  it  is  believed  that  both  these 
might  be  greatly  improved  by  a  more  effective  arrange- 
ment of  the  parapets  and  cornices,  though  they  are  of 
greatly  superior  character  in  these  works  to  the  corres- 
ponding parts  of  works  of  the  kind  generally.  Depth 
and  projection  are  desirable  in  all  external  cornices ;  in 
ordinary  works  of  architecture,  as  houses  and  other 
roofed  erections,  a  cornice  is  the  oversailing  of  the  roofs 
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to  cover  and  protect  the  walls  of  the  building,  as  the  roof 
does  the  building  itself,  and  in  such  manner  that  the 
cornice  may  form  the  bed  or  cushion  on  which  the  roof 
rests.  A  bridge  requires  no  roof,  and  a  cornice  disposed 
like  the  cornice  under  the  eaves  of  a  roof  is  an  absurdity, 
as  a  bridge  parapet  is  on  the  top  of  a  house.  The  com- 
mon modes  of  design  for  the  two  classes  of  structure 
make  an  interchange  of  incongruities ;  the  bridge  para- 
pet, whether  well  or  ill  composed  as  such,  is  put  upon 
houses  to  spoil  the  eiFect  of  the  cornice  which  should 
be  formed  under  the  seating  of  their  roofs ;  and  the 
weathered  cornice  which  a  roof  projects  over  a  house  is 
placed  upon  the  faces  of  a  bridge,  whilst  the  parapet  re- 
mains a  distinct  feature,  and  is  as  if  the  cornice  were  not 
there  at  all.  Now,  the  aim  of  the  bridge  designer  should 
be  to  obtain  the  greatest  width  of  road- way  with  the 
smallest  extent  of  substructure,  as  before  shown  when 
speaking  of  timber  and  iron  bridging  works ;  but  as 
masonry  is  composed  of  a  material  that  will  not  carry, 
or  rather  that  may  not  be  trusted  to  bear  or  carry  over, 
unless  it  be  with  great  substance,  the  road-way  of  a 
bridge  of  masonry  must  be  kept  within,  or  it  must  not 
greatly  exceed,  the  extent  in  width  of  the  substructure. 
The  whole  extent  in  width  may  be  taken,  however,  as 
the  dead  weight  of  the  parapet  may  be  trusted  to  over- 
sail  its  own  thickness  at  least,  and  to  rest  on  corbels 
or  other  arrangements  of  stone,  of  depth  enough  to  carry 
all  that  can  thus  be  imposed  upon  them ;  though  it  may 
not  be  advisable  under  all  circumstances  to  trust  any 
part  of  the  motive  and  concussive  load  to  act  beyond 
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stractiye  arrangements,  nevertheless,  and  under  fiivoiir- 
able  circumstances,  the  parapets  of  a  bridge  may  be  set 
over  even  much  more  than  the  proportion  indicated. 

The  mode  here  proposed  of  widening  the  effectiye 
working  surface  of  a  bridge  was  adopted  on  the  flat  roofe 
of  the  castles  of  the  middle  ages,  where  space  wss  ob- 
tained for  men  to  stand,  often  greatly  exceeding  the  dear 
surface  of  the  structure,  by  setting  the  parapets  out  on 
bold  and  massive  bracketings  or  corbellings  ;^  the  parapet 
and  corbelling  forming  together  a  cornice  having  such 
depth  and  projection  as  to  give  the  works  in  which 
such  an  arrangement  occurs,  a  character  of  grandeur  and 
dignity  which  they  retain  though  in  ruins.  Taking  ex- 
amples  from  the  illustrations  of  the  present  work,  the 
road-way  of  the  bridge  of  the  Champ  de  Mars  (Plates  56, 
57)  might  be  thus  made  4  feet  wider ;  or,  the  road-way 
being  the  same,  the  structure  of  the  bridge  might  be  4 
feet  less  in  width,  with  very  great  advantage  to  the  com- 
position of  its  faces  for  eiFect,  as  well  as  to  the  funds 
at  the  architect's  disposal.  The  parapets  are  now  mere 
blocking  courses  over  the  cornice,  and  the  work  is  so 
arranged  as  to  make  the  parapets  appear  necessary  to 
keep  the  stones  under  them  from  toppling  over  (see 
transverse  sections  of  the  bridge,  Plate  57).  Suppose 
the  bracket-block  course,  or  indeed  the  bracket  blocks 
alone  if  got  out  in  bars  of  a  strong  stone,  run  through 
the  extent  of  the  foot-ways, — abstract  the  moulded  part 
of  the  cornice,  saving  both  labour  and  material,  and  set 

2  The  original  intention  appears  to  have  been  to  obtain  a  species  of 
vertical  loop-holes  through  which  to  hurl  stones  down  upon  or  to  dis- 
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the  parapet  out  upon  the  cornice  to  oversail  the  face 
of  the  corona  just  enough  to  receive  a  throat  and  to 
relieve  the  depth  of  plain  face,  and  put  dovetailed  gun- 
metal  joggles  in  the  beds  to  secure  the  parapet; — all 
the  eiFective  parts  of  the  present  cornice  would  be 
preserved,  but  the  cornice  would  be  changed  from  a 
merely  blocked  shelf  to  a  deep  massive  crown  to  the 
work,  and  the  road-way  would  be  widened  the  thickness 
of  the  parapet  on  each  side. 

By  corbelling  out  the  parapet  with  or  without  blocks, 
so  that  there  is  a  sufficient  length  of  the  projected 
bearing  stones  upon  the  work,  and  sufficient  depth  in 
the  moulded  bed  to  make  the  construction  secure,  Staines 
Bridge  (Plate  53)  might  in  like  manner  be  made  eiFec- 
tively  wider,  and  be  greatly  improved  in  appearance  at  a 
very  trifling  expense;  though  indeed  all  that  is  here 
intended  might  be  done  in  the  original  construction  of 
a  bridge  so  as  to  produce  a  great  abatement  in  the 
expense,  or  to  obtain  a  greater  width  at  the  same  cost. 
In  Wellesley  Bridge  at  Limerick  (Plates  54,  55),  the 
moulded  archivolt  should  have  been  sunk  below  the 
faces  of  the  spandrels,  and  the  bed  mould  of  the  cornice 
would  then  have  projected  over  it  with  greatly  im- 
proved eiFect ;  the  mouldings  themselves  are  susceptible 
of  much  improvement,  and  half  the  labour  and  materials 
employed  in  and  upon  the  gouty  balusters  and  their 
over- wrought  and  inconveniently  placed  coping^  would 

^  This  coping  is  placed,  with  reference  to  the  foot-ways  of  the 
bridge,  at  the  level  of  the  eye,  confining  the  attention  of  the  passenger 
to  the  tasteful  work  of  the  architect,  and  in  effect  contracting  the  width 
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have  sufficed  to  extend  the  bed-mould  course  the  whole 
width  of  the  pavement,  or  indeed  to  form  the  pavement,* 
and  to  raise  upon  it  a  bold  and  richly  moulded  parapet, — 
of  such  height,  however,  that  it  might  be  truly  a  parapet, 
or  breast  high,  and  not  an  obstruction  to  both  head  and 
eye,  as  the  present  parapet  must  be.  With  these  modi- 
fications alone  the  road-way  might  be  increased  2  feet  at 
the  least. 

London  Bridge  might  have  been  made  of  its  present 
width  as  to  road-way,  by  an  eiFective  system  of  corbelling, 
without  the  addition  to  the  substructure  which  was  made 
at  a  cost  of  £42,000,  and  the  character  of  the  elevations 
at  the  same  time  very  greatly  improved.  The  corbelled 
parapet  forming  a  deep  and  boldly  projecting,  and  there- 
fore eflfective  cornice,  as  shown  in  the  right-hand  half 
elevation,  and  as  indicated  in  the  right-hand  transverse 
section  on  Plate  39,^  and  as  further  illustrated  by  the 
following  diagrams,  will  serve  to  make  the  suggestion 
intelligible. 

of  the  bridge  by  jutting  out  at  the  level  of  the  head  where  most  room 
is  wanted. 

^  This  being  slight,  should  be  of  a  strong  kind  of  stone,  such  as  the 
neighbouring  Valentia  marble. 

*  Mr.  Telford  seems  to  have  imagined  a  cornice  somewhat  in  the 
manner  proposed,  for  Tongueland  Bridge;  but  the  idea  is  quite  lost 
upon  the  bridge  itself,  the  oversailing  of  the  parapet  being  confined  to 
certain  semi-cylindrical  projections  upon  the  abutments  which  are  to  be 
considered  castellated.  Over  the  arch  the  parapets  are  set  in  according 
to  the  usual  practice,  and  a  httle  mean  shelf  is  all  that  is  left  of  cornice 
over  some  heavy  corbel  or  bracket  blocks.  To  add  absurdity  to  ugliness, 
the  parapets  are  machicolated,  or,  as  Mr.  Telford  expresses  its  pecu- 
liarities, "  the  bridge  is  turreted  and  embattled." 
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TituiiTene  aeetion  of  parapet,  cornice,  and  foot- 
way of  London  Bridge.  The 
dotted  lines  show  the  suggested 
alteration  of  the  present  parapets 
and  cornices  to  effect  a  widening 
of  4  feet. 


Transrerse  section  of  a  corbelled  and  moulded 

parapet  adapted  to  London  Bridge,  with  the 

effect  of  widening  the  road-way 

upon  the  bridge  0  feet.     The 

dotted  lines  indicate  the  present 

form  and  relative  position  of  the 

parapet  of  London  Bridge. 


Scale  ith  of  an  inch  to  a  foot. 


Elevation  of  present  cornice  and  parapet 
of  London  Bridge.' 


Elevation  of  suggested  corbelled  parapet 
adapted  to  London  Bridge. 


These  diagrams  show  the  manner  in  which  the  work 
may  be  composed  constructively ;  and,  as  to  decoration, 
either  plainly  corbelled,  or  with  moulded  and  enriched 
faces  to  the  parapet,  in  addition  to  the  corbellings.  It 
is  to  be  remarked  that  a  tongue  may  be  raised  on  the 
beds  of  the  stones  forming  the  parapet,  2  or  3  inches 
deep,  as  shown  in  the  right-hand  section,  or  a  back 
rabbet  may  be  left  in  the  rough  to  receive  the  landings 
for  paving  the  foot-ways,  as  indicated  in  the  left-hand 
section.  These  give  the  means  of  securing  the  work 
more  eiFectually  than  joggles  or  plugs,  and  by  such 
simple  arrangements  London  Bridge  might  have  been 
made,  at  no  sensible  increase  of  cost,  3  feet  wider  on  each 
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side,  amounting  to  the  addition  that  was  made  at  the 
before-mentioned  cost  of  £42,000. 

A  technical  eye  having  regard  to  economy  might  ob- 
ject to  the  quantity  of  sunk  and  moulded  work  which 
the  more  decorated  of  the  two  diagrams  exhibits ;  but  if 
the  arrangement  be  analysed,  and  the  construction  sup- 
posed original  instead  of  an  alteration,  it  will  be  found 
that  the  labour  involved  hardly  exceeds  that  expended 
upon  the  present  cornice  and  parapet  of  London  Bridge. 
The  one  deeply  sunk  and  moulded  face  of  the  parapet 
will  hardly  exceed  the  two  sunk  faces  of  the  present 
parapet ;  the  fillet  projecting  over  the  great  cornice  of  the 
present  arrangement,  with  the  weathering,  would  more 
than  pay  for  the  tongue,  and  the  back  rabbets  to  receive 
it,  of  the  moulded  parapet ;  and  the  cost  of  raising  the 
blocks  under  the  present  cornice,  as  they  are  raised,  in 
the  solid,  would  nearly  counterbalance  all  the  work  upon 
the  corbels  and  corbelling  arches.  The  main  difference 
would  be  in  the  materials,  but  a  greater  quantity  of  ma- 
terial is  absolutely  necessary  under  all  circumstances  to  a 
greater  surface,  and  in  this  case  it  is  only  the  superficial 
work  to  the  greater  extent  of  road-way  obtained  that  is 
in  excess.^ 

^  The  addition  of  4  feet  might  be  made  to  the  effective  width  of 
the  road- way  upon  London  Bridge  at  any  time  at  a  very  trifling  ex- 
pense, and  without  interfering  with  the  use  of  the  bridge  for  a  day,  as 
the  foot-ways  only  would  have  to  be  disturbed,  and  these  one  at  a 
time.  The  expense  of  the  greater  improvement  to  the  usefulness  and 
to  the  appearance  of  the  bridge,  shown  on  the  right-hand  side  of  the 
last  page,  would  be  but  trifling  compared  with  the  cost  of  adding  to 
the  width   of  the  road-way   of  such  a  bridge   in  the  usual   manner. 
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It  may  be  imagined,  perhaps,  that  the  style  of  com- 
position here  suggested  would  be  inappropriate  except 
with  the  pointed  arch,  but  such  is  not  the  case.  The 
arrangement  admits  of  a  horizontal  disposition,  and  has 
not  necessarily  any  association  with  the  pointed  arch. 
Indeed,  the  castellated  structures  which  present  the 
arrangement  referred  to  are  rather  of  the  Gothic  or 
round  arch  period,  than  of  the  pointed,  and  certainly  it 
composes  and  associates  as  well  with  the  simply  circular 
as  with  the  pointed  arch. 

An  illustration  of  this  may  be  seen  in  the  Temple 
Church  at  London.  A  bracketed  or  slightly  corbelled 
parapet  crowns  the  elevation  of  the  early  horizontally 
disposed  circular  western  part  of  the  church,  and  the 
same  is  carried  along  the  flanks  of  the  body  of  the  church 
or  chancel,  which  are  otherwise  composed  in  the  vertical 
or  pointed  style,  and  it  will  be  found  to  consort  well 
with  both.  This  is  an  example  from  ecclesiastical  archi- 
tecture ;  but  it  is  in  the  truly  Gothic  castle  at  Spoleto, 
and  in  many  other  similar  structures  in  Italy,  that  the 
corbelled  parapet  is  carried  to  the  greatest  extent  of  pro- 
jection, and  in  which  the  advantages  derivable  from  it 
for  both  use  and  decoration  are  most  striking.  France, 
Germany,  and  England  have  many  illustrations  of  the 
corbelled  parapet ;   but   perhaps   the  best  finished  and 
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most  effective  example  in  Eogtand  is  in  a  comparatively 
recent  work,  Thornbury  Castle  in  Gloucestershire,  of 
the  time  of  Henry  the  Eighth. 

Taking  a  work  of  less  bold  but  of  more  decorated 
character  than  London  Bridge,  and  to  avoid  the  mo- 
notony that  would  result  from  the  constant  repetition  of 
corbelled  parapets,  as  of  the  shelf-like  cornices  and  frit- 
tered balustraded  parapets  that  have  hitherto  prevailed, 
the  whole  face  of  a  bridge  may  be  projected  upon  a 
deep  and  boldly  moulded  archivolt,  as  in  the  Trinitd 
Bridge,  This  work  will,  indeed,  form  a  good  example 
by  which  to  illustrate  in  a  varied  form  what  has  been 
said  as  to  the  composition  of  abutments,  and  to  show 
that  huge  piers  are  not  essential  to  the  beauty  which 
the  Florentine  Bridge  is  generally  thought  to  possess. 
The  topmost  diagram  on  the  opposite  page  exliibits  an 
elevation  of  this  bridge  as  it  is,  reaching  up  to  the  quay 
walls  on  both  sides,  with  its  ponderous  piers  having 
counterforts  built  up  on  the  cutwaters  to  the  level  of 
the  road-way,  but  not  opened  to  it,  as  the  practice  has 
been  with  such  in  England,  so  that  there  can  be  no 
pretence  that  they  are  of  use  unless  it  be  as  counterforts, 
and  with  enwreathed  escutcheons  on  the  parapets  resting 
on  carved  key-stones.  The  middle  figure  is  an  elevation 
of  the  same  arches,  similarly  moulded  on  the  archivolts, 
and  having  panelled  spandrels  as  in  the  existing  work ; 
but  the  piers  reduced  one-half,  and  the  space  obtained  by 
reducing  them  thrown  into  abutments,  composed  in  the 
style  of  the  bridge  itself,  and  placed  between  the  quay 
walls  and  the  bridge  works,  in  such  a  manner  as  to  give 
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much   greater  effect   to   the  composition.     Instead  of 
counterforts  over  the  cutwaters,  slight  pilaster-like  pro- 
jections are  made  to  form  plinths  for  candelabra,  and 
the  acutely  formed  angular  cutwaters  are  terminated  by 
the  representation  of  the  prows  or  rostra  of  galleys,  which 
may  be  in  stone  or  metal  according  to  circumstances. 
On  the  pent-up  Amo  at  Florence  these  might  be  of 
marble,  and  on  the  free  and  well-worked  Thames,  of 
gun-metal.     Such  antefixae  would  not  be  for  decoration 
merely ;  they  would  serve  in  floods  to  prevent  drift  from 
being  thrown  up  on  the  cutwaters,  and  thus  assist  in 
keeping  the  channels  clear,  as  well  as  in  protecting  the 
exposed  arrises  of  the  lower  arch-stones  from   injury. 
Such  a  modification  of  the  bridge  of  the  Trinity  extended 
to  five  arches,  and  the  arches  increased  in  span  to  pro- 
duce the  required  length,  might  with  great  advantage 
replace  either  of  those  disgraceful  piles  known  as  Bat- 
tersea   and   Putney   Bridges    upon    the    Thames,    near 
London. 

It  is  diflicult  to  close  a  Treatise  on  Bridge  Archi- 
tecture without  remarking  the  increased  unfitness  of  the 
present  superstructure  of  Westminster  Bridge.  The 
arches  spring  at  a  level  very  little  above  that  of  low 
water,  where  the  tide  rises  and  falls  from  15  to  18  feet, 
so  that,  as  before  remarked,^  **  the  water-way  is  nearly 
50  feet,  or  about  one-sixteenth,  less  at  the  height  of 
ordinary  spring  tides  than  at  the  level  of  low  water  in 
the  river."     The  arches  contract  the  way  for  navigation 
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much  more  than  it  is  at  all  necessary  they  should,  even 
upon  the  present  piers ;  and  there  is  more  than  twice 
the  height  from  the  soffits  ,of  the  arches  to  the  level  of 
the  road- way  than  there  need  be  ;  the  parapets  are  alike 
offensive  by  their  great  height  from  the  road-way  and  by 
their  ugliness  in  detail,  and  injurious  by  the  draughts 
induced  by  the  perforations  of  the  balustrades ;  and  the 
solid  counterfort  buttresses  over  the  cutwaters  with  their 
inclosed  and  cupoletted  heads,  add  needlessly  to  the  weight 
upon  the  piers.  The  bridge  is  unfortunately  near  to  the 
magnificent  buildings  of  the  Houses  of  Parliament,  and 
its  great  height  renders  this  proximity  more  injurious 
than  it  might  otherwise  be.  In  all  probability  some 
abatement  will  be  made  of  the  height  of  the  bridge  in 
the  process  of  the  works  now  (1842)  in  hand  for  se- 
curing the  piers,  and  doubtlessly  the  same  good  sense 
which  opened  a  view  of  the  river  from  Blackfriars' 
Bridge  will  open  the  magnificent  prospect  Westminster 
Bridge  can  command,  by  substituting  parapets,  which 
shall  be  truly  so,  for  the  perforated  walls  which  now 
hedge  in  the  road-way ;  but  the  arches  will  still  con- 
tinue to  render  the  navigable  water-way  narrower  and 
more  inconvenient  than  even  the  multiplicity  and  thick- 
ness of  the  piers,  or  the  condition  of  the  work,  im- 
pose. The  character  of  the  work,  too,  will  still  remain 
inconsistent  with  its  position  at  Westminster.  It  ought, 
therefore,  to  be  completely  remodelled.  As  the  piers 
are  now  in  process  of  being  repeiired  and  secured,  and 
so  as  to  be  free  from  any  danger,  founding  new  piers 
is  out  of  the  question,  and  the  piers  cannot  be  reduced 
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in  number  without  imposing  additional  weight  on  those 
which  may  be  left;  a  condition  which  the  original  de- 
fective founding,  and  the  badness  of  the  original  stmc- 
ture,  forbid.  The  whole  of  the  superstructtire  might  be 
removed,  however,  and  the  piers  being  carried  up  from 
the  level  of  the  present  springing  to  that  of  high  water, 
of  the  substance  which  the  cutwaters  now  show  within 
that  range  (see  Plate  24),  flat  pointed  arches  might  be 
sprung  at  that  level,  and  the  whole  superstructure  re- 
constructed in  accordance  with  the  prevailing  style  of 
the  Abbey,  Hall,  and  Palace  of  Westminster.  The  lon- 
gitudinal central  groining  hereinbefore  proposed  might 
well  be  adopted  with  excellent  eiFect,  lightening  the 
upper  works,  relieving  the  thrust  of  the  arches,  and 
greatly  economizing  the  reconstruction,  as  the  old  stone 
would  work  in  well  for  this  purpose,  whilst  the  faces 
and  main  vaults  were  of  new.  The  widening  of  the 
water-way  by  the  removal  of  the  springings  of  the  arches 
out  of  the  water  would  allow  characteristic  abutments 
to  occupy  the  space  now  taken  up  by  the  two  first 
arches  of  the  series  of  thirteen,  as  well  as  the  site  of  the 
two  small  land  arches,  without  aflfecting  the  current 
injuriously ;  and  as  the  flat  pointed  arch  would  give 
much  more  freedom  to  the  navigation  than  the  semi- 
circular arch  aflfords,  independently  of  the  increased 
lateral  space  in  every  bay,  the  vertical  head- way  might 
be  taken  at  an  average  of  that  now  aflforded  by  the 
central  group.  Moreover,  the  increased  space  at  the 
approaches  obtained  by  obliterating  the  useless  land 
arches  would  allow  the  accesses  to  the  bridge  from  the 
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low  ground  on  either  side  to  be  greatly  improved,  and 
the  ascent  eased  by  dividing  them  to  the  right  and  left 
over  the  abutments,  and  so  to  distribute  the  rise  over  a 
longer  space,  and  aflford  the  means  of  dividing  the  going 
and  coming  traffic. 

This  gives  occasion  to  remark  further  that  the  ap- 
proaches to  a  bridge  may  be  often  advantageously  dis- 
posed in  the  manner  here  suggested,  to  avoid  the  too 
common  evil  of  a  quick  ascent,  or  the  very  great  expense 
which  carrying  constructions  far  inland  may  impose, 
particularly  within  a  town.  Such  an  arrangement  is 
desirable  also  if  it  were  only  for  the  display  of  the  work 
itself,  as  the  widened  approach  and  the  bending  line 
would  bring  the  elevation  of  the  bridge  into  view ;  an 
advantage  which  ought  to  be  secured  whenever  it  can  be 
obtained  without  any  unreasonable  sacrifice,  and  more 
especially  when  it  can  be  obtained  in  connexion  with  a 
real  benefit.  Approaches  to  Westminster  Bridge  might 
be  thus  made  to  display  to  the  passenger  the  elevation 
of  the  bridge  itself,  as  well  as  the  splendid  works  within 
view  from  the  corbelled  recesses  which  in  such  a  case 
it  may  not  be  unwise  to  provide,  and  which  the  design 
contemplates. 

It  may  be  questioned  how  far  the  system  generally 
adopted  of  building  towers  of  masonry  to  carry  the 
chains  of  flexible  suspension  bridges  is  consistent  with 
sound  construction,  but  there  can  be  little  question  that 
as  a  matter  of  convenience  such  constructions  are  very 
much  in  the  way ;  two  narrow  gorges  being  established 
by  them  in  the  road-way  of  a  bridge  so  upborne,  through 
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which  foot  passengers  and  carriages  must  crowd  together, 
or  the  former  must  wait,  as  in  the  recesses  on  the  old 
pack-horse  bridge,  until  the  stronger  and  bulkier  occupant 
of  the  way  shall  have  passed  on.  Moreover,  heavy  masses 
of  masonry  intercept  the  graceful  lines  of  the  chains, 
and  break  the  continuity  of  the  floor  of  the  bridge  itself, 
whilst  the  unsteady  character  of  the  suspending  and  sus- 
pended works  tend  to  unsettle  the  masonry  and  render 
it  less  safe  for  bearing  towers  or  standards,  than  com- 
ponents which  can  be  bolted  down  and  together,  and 
rendered  certainly  secure.  The  substructures  of  the 
bearing  towers  or  standards  may  be  of  masonry  advan- 
tageously, but  the  superstructure — all  above  the  floor  of 
the  bridge,  or  the  road-way — would  be  much  better, 
both  constructively  and  as  a  matter  of  taste,  of  cast  iron. 
Not,  let  it  be  understood,  iron  columns  and  entablatures, 
or  imitations  of  arches  in  iron,  or  mock  piers,  as  at 
Brighton,  but  simple,  plain,  and  boldly  composed  stand- 
ards, well  braced  and  tied  together,  and  yielding  as 
much  space  to  the  road-way  as  the  chains  themselves 
yield.  The  standards  and  frames  of  steam  engines  often 
take  the  proposed  character,  when  the  machinist  has 
aimed  at  the  end  to  be  answered  in  the  directest  manner, 
without  mystifying  himself  and  making  his  work  ridi- 
culous by  the  imitation  of  what  are  considered  archi- 
tectural forms  of  decoration. 

The  little  suspension  bridges  lately  put  up  in  and 
about  the  Regent's  Park  at  London  illustrate  what  is 
here  intended  in  some  degree ; — that  is,  in  the  use  of 
bearing  standards  instead   of  bearing   piers   or   towers, 
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though  the  general  good  eflfect  produced  is  marred,  upon 
closer  observation,  by  the  utter  absence  of  good  taste  in 
the  details  of  the  compositions.  It  is  not  to  be  under- 
stood, therefore,  that  architecture  in  its  ordinary  sense 
as  a  decorative  art  is  to  be  discarded  in  the  composition 
even  of  chain  suspension  bridges ;  but  that  the  set  forms, 
ordinarily,  or,  it  may  be  said  without  impropriety,  vul- 
garly, considered  as  essential  to  architectural  disposition, 
wiU  not  give  true  architectural  character  to  any  struc- 
ture, unless  they  are  applied  appropriately, — with  re- 
ference to  useful  service  as  well  as  agreeable  eflfect ;  and 
for  bridges,  as  a  class  of  structures,  the  set  forms  of 
architecture  are  almost  wholly  inappropriate.  Truly, 
however,  architecture  does  not  consist  of  or  in  set  forms, 
but  in  a  harmonious  disposition  of  parts  with  reference 
to  the  object  to  be  attained,  and  in  graceful  forms  and 
combinations  of  form  in  adapting  the  parts  to  one 
another.  These  are  as  attainable  in  the  composition  of 
bridges  of  all  kinds, — although  the  special  requisites  may 
vary  for  every  kind, — as  they  are  thought  to  be  in  the 
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SPECIFICATION  FOR  A  STONE  BRIDGE 

PROPOSED   TO    BB    BUILT   OYER 

THE    RIVER    DEE    AT    CHESTER,' 

ACCORDING  TO 

THE  DESIGN  OF  THOMAS   HARRISON,  ESQ., 

WITH    THB    NECESSARY   EMBANKMENTS    AND    ROAD-WATS   THERETO. 


1.  The  bridge  to  be  built  across  the  river  at  the  upper  end  of 
the  Roodee,  as  nearly  at  right  angles  with  the  stream  and  as 
near  to  the  site  now  marked  out  as  circumstances  will  permit ; 
to  consist  of  one  arch  of  200  feet  span^  and  the  versed  sine 
to  be  not  less  than  40  feet^  of  two  abutments  and  two  dry 
arches,  with  their  respective  abutments  and  wing  walls;  and 
to  be  constructed  according  to  the  plans  and  sections  hereunto 
annexed,  and  of  the  dimensions  therein  set  forth. 

2.  The  water  to  be  kept  off  by  proper  dams,  and  the 
foundations  for  the  abutments  to  be  sunk  within  those  dams 
to  the  several  depths  figured  upon  the  plans;  namely,  the 
abutments  on  the  north  side  of  the  river  to  be  sunk  to  the 
depdi  of  21  feet  below  the  springing  of  the  arch,  and  that  on 
the  south  side  to  be  sunk  16  feet  4  inches  below  the  same 
sprin^ng:  the  fronts  of  the  abutments  to  be  of  horizontal 
courses  not  less  than  2  feet  thick,  and  the  interior  to  be  laid  in 
radiated  courses  of  strong  ashlar  in  as  large  blocks  as  can  be 
conveniently  procured,  and  thus  continued  over  the  interior 
surface  of  the  abutment  until  they  reach  the  springers  of 
the  arch,  at  which  place  the  arch  courses  are  to  be  6  feet 
in  breadth  on  the  bed  and  gradually  to  decrease  imtil  they 
reach  the  key-stone,  at  which  place  they  are  to  be  4  feet  in 

^  See  WQod-cut  in  page  44  of  Mr.  Hosking's  Preliminary  Essay ;  also 
the  valuable  Plates  in  Vol.  I.  of  the  Transactions  of  the  Institution  of 
Civil  Engineers. 
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breiidth  on  the  bed.  The  backing  of  the  arch  and  of  the 
abutments  to  be  carried  up  together  with  the  dry  arches, 
the  invert  arches,  and  wings,  as  shown  by  the  lon^tudinal 
section  marked  A  No.  I. 

3.  The  foundations  for  the  wings  to  be  sunk  as  follows :  that 
on  the  Chester  side  to  be  sunk  to  the  depth  shown  in  the 
drawings,  which  foundation  is  to  be  strengthened  by  the 
driving  of  piles  of  oak,  elm,  or  beech,  or  any  other  suitable 
timber,  to  be  shod  with  iron  or  not  as  circumstances  may 
require:  each  pile  to  be  from  12  to  14  inches  in  diameter, 
and  to  be  driven  with  such  force  as  to  be  able  satisfactorily 
to  resist  the  weight  they  are  intended  to  carry.  These  piles  to 
be  driven  at  the  distance  of  from  3  feet  6  inches  to  4  feet  from 
centre  to  centre  of  each  pile ;  between  these  piles  the  earth  to 
be  excavated  to  the  depth  of  about  12  inches,  and  to  be  filled 
with  rubble  stones  pitched  close  on  the  edge :  the  interstices  to 
be  filled  with  good  mortar,  and  small  spalls  or  splinters  at 
stone  to  be  thrust  into  them,  and  the  whole  to  be  rammed  hard 
down  with  a  heavy  hammer  within  lialf  an  inch  of  the  pile 
heads, — the  pile  heads  having  been  previously  adzed  or  other- 
wise levelled. 

4.  Upon  these  pile  heads  and  rubble-work  the  first  course  of 
ashlar  to  be  laid,  of  not  less  than  18  inches  in  thickness  and  of 
3  feet  in  breadth,  but  as  much  broader  as  can  be  got,  and  to  be 
laid  in  headers  to  tie  as  far  across  the  foundations  in  one  stone 
as  can  conveniently  be  had.  The  second  course  to  be  not  less 
than  18  inches  in  thickness  and  to  be  a  stretching  course  both 
front  and  back  of  3  feet  in  breadth  on  the  bed,  to  be  filled 
between  with  rubble  backing  as  large  as  the  cavity  will  admit. 
The  wing  walls  on  the  south  side  of  the  river  to  be  sunk  to  the 
rock  at  the  supposed  depth  of  10  feet  or  thereabouts  below  the 
springing  of  the  large  arch,  the  foundations  of  which  to  be 
laid  after  the  manner  above  described  for  the  foundation 
of  the  Chester  side. 

5.  The  spandrels  and  pilasters,  the  abutments  and  spandrels 
of  the  dry  arches,  and  the  wing  walls,  to  be  carried  up  with 
ashlar  not  less  than  2  feet  in  breadth  on  the  bed,  and  not  less 
than  16  inches  in  thickness,  nor  less  than  18  inches  on  the 
joint  {observing  always  that  the  courses  shall  diminish  in 
thickness   as   they   ascend).     To   have   bond   stones   in   each 
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course  not  more  than  12  feet  apart^  nor  less  than  2  feet  in 
length  on  the  face^  to  tie  into  the  wall  4  feet,  and  to  fall  nearly 
over  each  other  in  each  alternate  course. 

6.  To  erect  large  Doric  columns  with  corresponding  en- 
tablature on  each  side  the  abutments;  the  columns  to  be 
neatly  fluted  and  the  capitals  moulded;  the  whole  to  be  done 
in  every  respect  according  to  the  drawing.  The  cornice  to  be 
2  feet  thick  and  moulded  as  shown  in  the  drawings,  with  a 
sunk  sofiit,  and  to  average  4  feet  6  inches  on  the  breadth  of  the 
bed."  The  parapet  to  be  4  feet  high  and  15  inches  in  thick- 
ness, having  the  top  slightly  rounded  to  about  1  inch  in  the 
centre ;  the  joints  to  be  herring-boned  into  each  other  to  the 
depth  of  three  quarters  of  an  inch  in  the  centre  of  each 
joint.  The  arch  to  be  filled  up  or  backed  from  a  line  vertical 
with  the  face  of  the  abutment,  by  means  of  longitudinal  spandrel 
walls  of  brick,  and  arched  with  the  same,  as  shown  in  the  sec- 
tion marked  A  No.  1,  and  B  No.  2. 

7.  The  road  to  commence  at  the  Great  Gateway  of  the 
Castle  of  Chester,  and  to  fall  gradually  in  a  curved  line  to 
the  pavement  where  it  crosses  the  City  walls,  afterwards  to  rise 
in  the  same  manner  until  it  comes  to  the  abutment  of  the 
bridge.  The  road  on  the  south  side  to  the  extent  of  about 
200  yards  will  fall  from  the  abutment  in  the  same  inclination 
as  on  the  north  side,  and  will  then  gradually  rise  until  it  forms 
a  junction  with  the  Holyhead  Road  at  Overleigh.  The  em- 
bankments to  be  42  feet  wide  at  the  top ;  the  slopes  to  be  as 
three  to  two;  that  is,  three  horizontal  to  two  perpendicular 
in  every  instance.  The  work  to  commence  at  the  foot  of  the 
slopes ;  the  materials  to  be  made  to  slide  towards  the  centre  of 
the  embankments  from  each  side,  so  that  when  the  work  is 
nearly  completed  a  longitudinal  trench  in  the  centre  of  the  road 
shall  remain  to  be  filled  up  afterwards.  The  road  over  the 
embankments  to  be  39  feet  between  the  railed  fence;  to  have 
on  each  side  a  foot-path  6  feet  wide  and  in  the  centre  a  carriage- 
road  27  feet  wide.      To  be  constructed  of  a  layer  of  pitched 

2  This  part  of  the  work  was  subsequently  altered  to  Mr.  Harrison's 
second  design  of  a  plain  niche  with  a  panel  over  it,  as  mentioned 
in  the  description  of  the  bridge  in  Vol.  I.  of  the  Transactions  of  the 
Institution  of  Civil  Engineers,  pp.  207-214. 
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rubble  from  the  red  stone  quarry^  8  inches  thick;  secondly^  a 
course  of  well-screened  gravel,  4  inches  thick ;  and  thirdly^  a 
coat  of  broken  sea  gravel-stone,  2  inches  thick,  with  a  small 
portion  of  gravel  screenings  spread  upon  the  surface  to  assist 
the  binding.  The  transverse  section  of  the  road  to  be  elliptical, 
its  convexity  from  side  to  centre  to  be  9  inches ;  the  foot-paths 
to  be  the  same  height  as  the  centre  of  the- road-way,  to  be 
coated  with  3  inches  of  well-cleaned  gravel,  covered  with  a 
coating  of  good  gravel  screenings^  2  inches  thick,  until  it  meets 
the  Yorkshire  paving  at  the  termination  of  the  parapet  wall  of 
the  bridge. 

8.  To  have  a  fence  on  each  side  of  the  road  fit>m  the  Castle 
to  the  junction  with  the  Holyhead  Road  at  Overleigh;  to  be 
composed  of  sawed  and  wrought  oak  posts  5^  by  6  inches 
square,  and  8  feet  asunder,  with  two  heights  of  sawed  wrought 
red  deal  rails  3|  of  an  inch  square,  to  be  fixed  arris-wise. 

9.  The  road  over  the  Bridge  to  be  made  as  follows :  a  stratum 
8  inches  thick  of  gravel  or  refuse  of  any  kind,  upon  which  put 
a  course  of  pitched  rubble,  and  to  be  completed  as  above  stated 
for  the  approaches.  The  bridge  to  be  S3  feet  within  the 
parapets,  and  to  have  a  foot-path  of  Yorkshire  stone,  3  inches 
thick  and  4  feet  wide,  with  a  curb  of  the  hardest  stone  from 
Peckforton  Hill,  6  inches  wide  by  12  inches  deep,  with  proper 
channels  to  carry  off  the  water. 

10.  The  stone  t6  be  used  in  the  work  to  be  as  follows :  the 
foundations  and  facing  of  the  large  abutments  and  the  arch  are 
to  be  of  the  best  Peckforton  Hill  stone,  with  the  exception  of 
the  springing  course,  the  course  under  it,  the  two  first  courses 
of  arch-stones  on  each  side,  the  three  keying  coiirses,  and  the 
quoins  of  the  arch  and  of  the  abutments,  all  of  which  are  to  be 
of  Scotch  granite,  excepting  the  top  moulding  of  the  archivolt, 
which  is  to  be  of  Peckforton  stone :  the  Peckforton  stone  to 
extend  into  the  abutments  and  arch  as  far  as  shown  on  the 
section  marked  A  No.  1,  and  shaded  with  light  yellow;  the  re- 
mainder of  the  abutments  and  backing  of  the  spandrel  walls, 
together  with  the  dry  arches,  their  foundations,  spandrels  and 
abutments,  and  the  wings,  to  be  of  Chester  red  stone.  The 
stone  to  be  used  in  the  spandrels  of  the  large  arch,  the  pilasters, 
columns,  cornice,  and  parapet,  to  be  of  Manley,  Peckforton,  or 
Kelsale  white  stone;   or  stone  from  any  other  quarry  which 
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may  be  considered  by  the  engineer  equally  suitable  for  the 
various  parts  of  the  work  may  be  used  at  the  discretion  of 
the  contractor.  The  whole  of  the  stone  used  to  be  sound, 
and  set  upon  its  right  bed. 

MANNER    OF    EXECUTION. 

11.  All  the  beds  and  joints  of  the  ashlar  arch-stones  and 
radiated  backing  in  the  abutments  to  be  very  straight  and  truly 
wrought,  gauged,  and  squared  throughout  their  whole  width: 
the  first  draft  round  them  to  be  very  straight  and  true,  from 
which  straight  cross  drafts  must  be  wrought,  not  more  than 
from  15  to  18  inches  astmder;  the  intermediate  spaces  may 
then  be  axed  near  and  knotted  off  straight  and  even  with  the 
drafts,  in  order  that  they  may  be  set  closely  and  firmly  in  all 
directions  upon  a  thin  even  bed  of  fine  mortar.  The  faces  of 
all  the  ashlar  up  to  the  springing  of  the  arch  to  be  neatly 
pitched  off  all  round  with  a  sharp  chisel  to  a  straight  clean  line, 
and  the  remainder  to  be  left  rough,  observing  that  there  be  not 
less  than  one  inch  nor  more  than  two  inches  left  upon  each 
face.  The  soffit  of  the  arch  to  be  plain  boasted  with  an  arris 
rustic  of  li  inch  on  each  bed  joint.  The  external  face  of  the 
quoins  to  have  an  archivolt  worked  upon  them,  the  top  member 
to  be  of  Peckforton  stone,  as  shown  on  the  transverse  section 
marked  A  No.  1.  The  spandrels,  columns,  pilasters,  cornices, 
and  parapets,  to  be  clean  boasted. 

12.  The  faces  of  the  ashlar  in  the  land  arches,  the  arch-stones, 
their  spandrels  and  wings,  to  have  a  |  of  an  inch  margin  run 
round  the  face,  and  the  remainder  neatly  broached  off.  The 
whole  of  the  joints  of  the  ashlar  and  arch-stones  throughout  the 
work  to  be  crossed  with  as  nearly  the  thickness  of  the  stone 
which  it  crosses  as  can  possibly  be  done ;  if  not,  as  near  to  the 
centre  of  the  stone  beneath. 

The  backing  of  the  wings  and  spandrels  to  be  of  gauged  and 
axed  courses  on  the  back  of  their  walls,  having  the  edge 
of  their  faces  neatly  pitched  off  round  the  stone  and  on 
the  breadth  of  bed  with  binding  stones,  as  before  described 
for  the  ashlar ;  the  cavity  between  to  be  filled  with  flat  bedded 
rubble  stone,  as  large  as  such  cavity  will  admit ;  the  whole  to  be 
laid  in  good  well-tempered  mortar,  the  remaining  spaces  to  be 
filled  with  pouring   grout;  thin  scapplings  or  spalls  are  then 
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to  be  thrast  in  amongst  it.  The  backing  upon  the  abutments 
upon  the  radiated  ashlar  to  be  of  flat  bedded  rubble  stone^  done 
in  manner  as  above  described. 

13.  The  mortar  for  the  arch  and  front  masonry  to  be  made 
very  fine,  and  composed  of  equal  parts  of  lime  and  clear 
sharp  sand ;  and  that  for  the  interior  to  be  of  two  parts  sand 
to  one  of  lime;  and  the  whole  to  be  well-tempered.  The 
lime  to  be  the  best  that  can  be  procured  in  the  neighbour- 
hood. 

CONDITIONS. 

14.  The  contractor  to  find  all  materials  of  every  description 
required  for  the  work,  except  the  mine  rent  for  the  red  stone, 
the  clay  for  making  what  bricks  may  be  wanted  in  the  said 
works,  and  also  the  earth  for  the  embankment ;  each  of  which 
must  be  found  by  the  Bridge  Commissioners  fix)m  the  lands 
belonging  to  the  Corporation  of  Chester,  situate  as  near  to 
the  south  end  of  the  intended  bridge  as  possible,  without 
any  expense  to  the  contractor,  who  shall  be  at  the  expense 
of  carting  the  same,  and  at  every  other  expense  connected 
with   or  occasioned  by  the  operative  execution  of  the  work 
before  stated.     The  whole  of  the  work,  both  as  regards  the 
quality    of   the   materials,   the   execution   and   mode   thereof, 
to  be  done  to  the  entire  satisfaction  of  the  engineer  to  the 
commissioners,  who  shall  be  at  liberty  to  direct  the  manner 
of  distributing  the  various  materials  to  be  used  in  the  per- 
manent structure  of  the  work,  according  to  his  own  discretion, 
as  well  as  to  make  any  such  alterations,  additions,  or  deductions 
to  or  from  the  plan,  in  the  progress  of  the  work,  as  he  shall  see 
necessary;  but  should  he  so  dispose  of  such  materials  as  to 
require  a  larger  quantity  of  any  sort  or  sorts  than  what  is  shown 
or  stated  in  the  plans  and  sections,  such  additional  quantity 
shall  be  allowed  to  the  contractor,  either  in  value  or  diflFerence, 
at  a  fair  valuation ;  but  if  other  materials  be  substituted  by  him, 
such  alterations  to  be  valued  so  as  to  give  or  take  from  the 
quantity  estimated,  or  the  value  thereof,  as  the  case  may  be ; 
the  estimate  being  made  from  the  plans  marked  from  A  No.  1 
to  G  No.  7 ;  and  should  any  alteration  be  made  in  any  of  the 
works,    whatever    they    may    be,    the    same   shall   in   nowise 
invalidate  or  make  void  the  contract,  but  to  be  measured  and 


CHESTER  DEE  BRIDGE.  ix 

valued,  and  either  added  or  deducted  as  the  case  may  require. 
The  work  to  be  commenced  upon  forthwith,  and  the  whole 
to  be  completed  according  to  the  plans  and  this  specification 
within  four  years. 

Should  it  at  any  time  appear  to  the  surveyor  during  the 
execution  of  the  work  that  the  contractor  is  neglecting  or  doing 
any  part  of  the  work  contrary  to  the  true  spirit  of  the  plans 
and  this  specification,  the  committee  shall  have  it  in  their 
power,  after  giving  twenty-eight  days'  notice  in  writing  to 
the  contractor,  either  personally  or  .by  leaving  the  same  at 
his  usual  place  of  abode,  to  take  the  work  out  of  his  hands  and 
employ  others  to  finish  the  works,  provided  he  does  not  proceed, 
immediately  after  such  notice  has  been  given,  to  complete 
the  works  according  to  this  specification,  and  to  the  satisfaction 
of  the  engineer;  and  whatever  money  may  be  due  to  the 
contractor  at  the  time  being  shall  remain  in  their  hands 
until  the  bridge  is  completed;  and  all  loss  or  damage  that 
may  be  sustained  through  the  misconduct  or  neglect  of  the 
contractor  to  be  defrayed  out  of  it,  so  far  as  the  same  will 
extend,  and  the  remainder  of  such  loss  or  damage  to  be 
defrayed  by  the  contractor  out  of  his  own  proper  monies. 

The  instalments  for  the  bridge  are  to  be  made  to  the 
contractor  as  follows,  viz.:  the  value  of  the  whole  of  the 
work  contained  in  the  first  abutment  to  be  paid  for  in  full  so 
soon  as  such  abutment  is  carried  up  to  the  sprin^ng  of 
the  arch  ;  the  second  instalment  to  take  place  when  the  second 
abutment  has  in  like  manner  been  carried  up  to  the  springing 
of  the  arch,  and.  to  be  paid  for  in  full ;  the  third  instalment  also 
to  be  paid  in  full  when  the  arch  is  turned  and  the  centre  has 
been  taken  out;  the  fourth  instalment  to  be  paid  in  full  when 
the  masonry  has  been  carried  up  to  the  height  of  the  road ;  and 
the  last  instalment  when  the  whole  of  the  work  has  been 
satisfactorily  completed;  observing  that  the  commissioners 
shall  be  at  liberty  to  make  an  advance  to  the  contractor 
between  each  instalment,  should  he  require  it,  by  a  per-centage 
on  the  work  done  and  upon  the  materials  of  all  descriptions 
upon  the  ground,  according  to  the  valuation  thereof  by  the 
surveyor  appointed  by  the  commissioners:  but  between  the 
second    and    third    instalments,   the   commissioners   shall   be 
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bound  to  allow  the  contractor,  according  to  soch 
a  per-centage  of  not  less  than  20  per  cent.;  but  they  may 
make  it  as  much  more  as  they  may  feel  disposed  to  adTanoe. 
The  whole  of  the  several  instalments  to  be  calculated  upon 
the  engineer's  valuation  of  the  work  done  and  the  prices  of 
the  materials,  and  according  to  the  detailed  prices  of  the 
whole  work,  to  be  lodged  with  the  clerk  to  the  commis- 
sioners. The  materiab  and  machinery  of  all  descriptions 
brought  or  laid  upon,  at,  or  near  the  work,  to  be  considered  as 
the  property  of  the  commissioners,  and  not  to  be  removed 
away  witliout  their  consent.  In  respect  of  the  embankments, 
the  first  instalment  of  one-third  of  the  estimate  of  £7^00  to 
be  paid  when  the  engineer  shall  have  certified  that  one-third 
of  the  earth-work  has  been  completed ;  the  second  instalment 
of  another  third  of  the  said  estimate  to  be  paid  when  the  en- 
gineer shall  have  certified  that  another  third  of  the  eardi-work 
shall  have  been  completed;  and  the  remainder  of  the  £7^00  to 
be  paid  when  the  engineer  shall  have  certified  that  the  whole 
embankment  and  the  road  over  the  same,  together  with  its 
fences,  have  been  completed  according  to  the  specification, — 
the  commissioners  having  liberty,  if  they  shall  think  fit,  to 
allow  such  sum  between  the  second  and  third  instalments, 
on  account  of  such  third  instalment,  as  the  engineer  shall 
recommend :  the  estimate  of  the  sum  agreed  to  be  paid  for  the 
foregoing  work,  as  herein  specified,  being  J6 29,300  for  the  bridge, 
and  £7500  for  the  embankments,  being  together  JB36,800. 

(Signed)  James  Trubshaw. 

And  I  further  agree  to  bind  myself  in  the  sum  of  £10,000 
for  the  due  performance  of  the  work. 

(Signed)  James  Trubshaw. 

(Signed)         Jesse  Hartley,  Engineer. 
Chester,  25th  January,  1827- 


PRACTICAL,  DESCRIPTION 


OF 


THE  TIMBER  BRIDGES,  &c.  ON  THE   UTICA 
AND   SYRACUSE  RAILROAD, 

IN    THE    UNITED    STATES. 


BY    B.  F.   ISHERWOOD,    C.  E.,    NEW    YORK. 


As  all  the  bridges  constructed  on  the  Utica  and 
Syracuse  Railroad  resemble  each  other  in  the  framing 
of  the  timber,  in  the  manner  of  scarfing,  (which  is  tech- 
nically termed  fishing,)  and  in  the  connexion  of  the 
floor  beams,  it  is  unnecessary  to  introduce  geometrical 
plans,  elevations,  and  sections  in  every  Plate :  accord- 
ingly they  are  confined  to  the  delineation  of  the  84  feet 
span,  of  the  88  feet  span,  and  of  the  100  feet  span 
bridges.^ 

For  the  same  reasons,  specifications  have  not  been 
appended  to  every  plan;  as  in  general  they  would  be 
but  mere  repetitions  of  each  other.  They  are  given  for 
the  heavy  bridging  across  the  Oneida  Creek  and  Valley, 
for  the  100  feet  span  bridge  over  the  Mohawk  River, 
and  for  the  trestle  bridge  over  the  Onondaga  Creek  and 
Valley;  and  these  are  sufficiently  numerous  to  explain 
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the  manner  of  construction  and  the  quality  of  material 
used. 

The  trusses  for  the  other  spans  are  represented  in 
isometrical  perspective,  giving  in  one  view  the  manner 
of  framing,  connexion  of  timbers,  and  all  the  detail, 
as  contrived  and  executed  in  the  original:  appended 
to  each  Plate  is  a  short  description,  stating  the  principal 
dimensions,  and  from  the  attached  estimates  of  timber 
may  be  drawn  their  various  sizes.  Thus  the  practitioner, 
if  unacquainted  with  the  principles  of  the  style  of 
drafting  (where  isometrical  projections  are  alone  used), 
is  enabled  to  recover  tlie  plan  in  geometrical  proportions. 

The  trestle  bridge  over  the  Onondaga  Creek  is  not 
upon  the  line  of  the  Utica  and  Syracuse  Railroad,  but 
was  constructed  by  the  Company  at  its  western  terminus, 
for  the  Auburn  and  Syracuse  Railroad,  which  joins  it 
there,  and  thence  extends  westward. 
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GEXERAL   DESCRIPTION. 


The  bridges  constructed  on  the  Utica  and  Syracuse  Rail- 
T(rd(l  are  of  the  kind  denominated  plank  bridges.  They 
are  formed  of  thin  sawed  timber,  of  equal  thickness,  dis- 
[x>seii  in  a  system  of  triangular  bracing,  so  as  to  throw 
the  entire  strain  upon  the  abutments  and  piers.  From 
the  disposition  of  the  grade  line,  which  is  generally  but  a 
f(jw  feet  alx)ve  the  surface  of  high  water,  there  remained 
no  room  to  place  the  road-way  upon  the  top  of  the 
framing:  this  occasioned  the  necessity  for  suspending, 
f)y  vertical  posts,  a  stringer  to  carrj^  the  floor  beams  that 
support  the  rails,  and  also  to  receive  the  ends  of  the 
f)rac(!S  and  arches,  thus  bringing  their  lateral  thrust  into 
u  longitudinal  strain  upon  it.  Each  stretch  or  span  of 
tlj(»  f)ri(lg(^  is  composed  (according  as  the  road-bed  was 
gra(l(;(l  for  one;  or  two  tracks)  of  two  or  three  vertical 
truss  frames,  formed  of  white  pine  timber,  arranged  in 
tli(!  manner  represented  in  the  plans.  These  frames  sim- 
ply i(;sted  upon  the  foundations,  over  which  the  stringers 
were*  notched.  The  timbers  with  which  the  frames  are 
composed  were  brought  into  close  contact  in  the  desired 
position,  and  there  s(»curely  bolted  find  strapped  together. 
The   floor   limbers  were  placed  at  right  angles  to  the 
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sides  of  the  frames,  and  were  generally  notched  down 
and  laid  without  any  fastening  upon  the  upper  sides  of 
the  stringers.  In  some  cases,  however,  where  the  grade 
line  approached  the  surface  of  the  water  very  nearly, 
they  were  suspended  beneath  the  stringers,  by  stirrup 
irons,  as  shown  in  Plate  61,  fig.  2.  The  framing  of  the 
diagonal  braces  between  the  posts,  and  also  of  the  braces 
and  arches  that  abut  into  the  stringers,  was  effected  by 
cutting  completely  through  the  posts  and  stringers, 
forming  a  square  step  at  the  ends  of  the  braces  and 
arches  to  fit  the  notch,  and,  simply  bringing  them  in 
contact  without  the  use  of  the  mortise  and  tenon  joint, 
fasten  them  securely  to  an  adjacent  post.  In  the  absence 
of  a  post  at  the  ends  of  the  stringers,  the  principal 
abutting  braces  with  the  arches  were  strapped  down 
upon  the  stringers.  The  posts  are  single,  and  the 
stringers,  arches,  and  braces  were  fastened  in  pairs  upon 
their  sides  by  screw  bolts  and  trenails.  Whenever 
scarfing  was  necessary  it  was  effected  by  bringing  the 
square  ends  of  the  timbers  together,  and  bolting  iron 
bars  along  their  sides,  having  first  inserted  a  block  of 
wood,  of  the  thickness  of  the  posts,  between  the  opposite 
timbers,  at  the  place  of  scarfing.  As  the  truss  frames 
are  very  thin,  in  proportion  to  the  superficies  of  their 
sides,  collateral  security  was  necessary,  to  prevent  them 
from  warping,  or  falling  from  their  vertical  position : 
this  was  effected  by  gallows  frames,  formed  by  running 
up  opposite  posts  in  the  opposite  frames,  and  connecting 
them  crosswise  by  a  cap  piece,  at  a  sufficient  height  to 
permit  the  passage  of  the  trains  beneath :  to  stiffen  the 


xvi  TIMBER  BRIDGES,  &c  OX  THE 

firamea,  bnMXS  were  then  iiKseital  in  the  angio.  Direcdv 
at  the  sides  of  the  poets  that  formed  the  galkms  frames 
were  laid  floor  beams,  of  the  neceaaarr  length  to'pioject 
5  or  6  feet  bevond  the  sides  of  the  tntsses:  finovn  their 
projectiog  ends  braces  were  inclined  against  the  trass, 
and  hsteaed  so  as  to  bring  them  nearly  in  a  line  with 
the  gallows  frame  braces.  Each  trass  frame  is  protected 
from  the  action  of  the  weather  by  a  casing  of  white  |Mne 
inch  boards,  placed  vertically  upon  its  ades  and  ends^ 
and  matched  at  the  edges  with  a  tongue  and  grooTe,  so 
as  to  entirely  exclude  the  water.  Between  the  casing 
and  the  timber  of  the  frame,  friming  pieces  were  inter- 
posed, 1  inch  thick,  to  secure  a  free  circulation  of  air 
from  beneath,  the  bottom  remaining  uncovered.  The 
casing  was  thoroughly  nailed  and  secured  to  the  frame. 
Each  truss  frame  is  covered  by  a  coping  plank  that 
projects  over  its  sides:  this  coping  plank  was  bevelled 
on  its  upper  surface,  so  as  to  carry  oflf  the  water.  Under 
each  projecting  edge  was  made  a  groove,  and  a  mould- 
ing inserted  in  the  angle  effectually  prevented  the 
access  of  wdUtr.  The  truss  frames  are  separated  by  a 
distance  of  1 1  feet.  The  flooring  of  the  bridge  is  com- 
[)oscd  of  pine  or  liemlock  plank,  well  spiked  or  pinned 
to  the  floor  beams.  The  ends  of  the  plank  are  separated 
f)y  a  slight  space  from  the  sides  of  the  truss  frames. 
All  the  timber  used  in  construction  was  of  the  first 
ijuality  of  s(|uare-edged  white  pine  timber,  perfectly 
sound,  and  free  from  black  or  loose  knots,  windshakes, 
worm  holes,  and  sap,  and  was  framed  and  braced  in  the 
most  accurate;  and  workmanlike  manner,  so  as  to  secure 
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the  whole  strength  of  the  timber.  Each  shoulder  and 
joint  was  made  to  fit  and  bear  with  the  utmost  precision. 
The  side  and  end  coverings  of  the  truss  frames  were 
thoroughly  covered  with  two  coats  of  oil  and  white  lead, 
as  were  also  the  coping,  gallows  frames,  and  outside 
braces. 

The  bolts  and  straps  used  were  of  the  best  quality  of 
American  wrought  iron,  of  the  specified  sizes.  The 
screw  bolts  were  of  round  inch  iron  (driven  through 
l^-inch  auger  holes),  with  substantial  square  heads,  nuts, 
and  washers:  the  screws  were  2  inches  long,  with  a 
clear  and  strong  thread.  As  the  lateral  thrust  of  the 
braces  and  arches  that  compose  the  truss  frames  is  re- 
solved into  a  longitudinal  strain  upon  the  stringers  that 
receive  them,  the  abutments  and  piers  are  consequently 
subjected  only  to  the  downward  pressure  of  the  weight 
of  the  bridge.  The  engineers  were  thus  enabled  to 
make  the  foundations  of  less  dimensions,  and  of  less 
durable  materials,  than  would  have  been  required  for  a 
bridge  with  arches  thrusting  directly  upon  them.  For 
this  purpose  pile  bents  were  adopted,  as  the  cheapest 
and  most  efiicacious  means  to  insure  the  object.  The 
piles  were  of  straight  and  sound  white  oak  timber, 
12  inches  square,  and  free  from  wane  and  loose  or 
black  knots.  In  all  cases  they  were  driven  sufiiciently 
deep  to  reach  the  hard  or  solid  bottom.  They  were 
sawed  off  at  the  proper  level  to  receive  the  cap  pieces, 
which  were  fastened  on  by  the  mortise  and  tenon  joint, 
and   secured  by   trenails,   2   inches   in  diameter,   well 
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Each  bent  consists  of  two  rows  of  piles,  driven  in 
straight  lines,  on  a  line  corresponding  with  the  thread  of 
the  stream.  Each  row  consists  of  four  piles  for  single 
track,  and  seven  piles  for  double  track  bridges.  These 
rows  were  placed  at  distances  of  1,  2,  or  3  feet  apart, 
varying  with  the  spans  of  the  bridges,  and  were  connected 
together  by  cross  caps,  dovetailed  into  the  longitudinal 
caps. 

The  piles  were  so  arranged  in  the  rows  that  one 
was  situated  immediately  beneath  each  truss.  The  cap 
pieces  are  of  the  same  quality  with  the  piles,  and  were 
framed  and  finished  in  a  substantial  and  workmanlike 
manner. 

The  sides  of  the  bents  were  planked  up  from  1  foot 
below  low-water  mark  to  their  tops  with  sound  3-inch 
white  oak  plank,  laid  edge  to  edge,  and  strongly  pinned 
to  the  piles.  The  larger  bents  were  generally  filled 
with  cobble  stone. 

The  trestle  bridges  were  used  in  crossing  wide  valleys, 
considerably  depressed  below  the  grade  line :  they  were 
a  cheap  substitute  for  embankments,  and  efiected  a 
great  saving  of  time  in  construction.  As  these  decay, 
in  the  progress  of  years,  they  are  filled  up  with  earth, 
liauled  by  locomotive  engines  at  a  reduced  cost.  These 
structures  are  formed  by  erecting,  at  short  distances, 
wooden  piers,  composed  of  single  bents:  across  them 
horizontal  stringers  were  laid,  and  supported  at  equal 
spaces  by  braces  abutting  in  the  posts  of  the  bents.  A 
railing  was  erected  upon  the  sides,  and  the  stringers 
were  covered  with  plank,  upon  which  the  railway  was 
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constructed.  All  the  timber  used  in  their  construction 
was  of  the  same  kind  and  quality  as  that  used  in  the 
construction  of  the  truss  bridges,  and  the  workmanship 
was  the  best  description  of  carpentry.  The  trenails 
which  hold  the  tenons  in  their  mortises  are  octagonal  in 
their  section,  and  were  driven  through  auger  holes  of  a 
less  diameter:  their  heads  were  spread  by  wedges  after 
they  were  driven  home. 

The  bents  were  placed  on  piles,  driven  to  a  hard 
bottom,  and  sawed  off  at  the  level  of  the  ground,  and 
also  on  foundation  walls  of  stone  masonry,  according  as 
the  nature  of  the  soil  would  permit. 


Plate  61. — Fig.  1  is  an  isometrical  projection  of  one- 
half  of  a  bridge  of  40  feet  span.  The  truss,  one  of  the 
simplest  that  can  be  contrived,  is  very  cheap,  and  easy 
of  construction.  It  consists  of  two  stringers  at  bottom, 
and,  at  a  distance  of  5^  feet  between  them,  of  two 
horizontal  abutting  pieces  at  top,  with  sloping  abutting 
braces  footing  in  the  stringers :  vertical  posts,  placed 
6§  feet  from  centre  to  centre,  connect  these,  and  project 
6  inches  above  and  below  the  truss. 

Upon  each  side  of  the  posts  are  a  pair  of  minor  braces, 
footing  in  the  stringers,  and  abutting  at  the  centre  of  the 
span  beneath  the  horizontal  abutting  piece. 

Bolting  blocks  are  inserted  between  the  ends  of  the 
stringers,  and  between  the  lower  ends  of  the  abutting 
braces,  forming  a  solid  mass  to  bolt  through.  The  tim- 
bers are  fastened  together  by  wrought  iron  screw  bolts. 
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and  the  sloping  abutting  braces  are  tied  down  upon  the 
stringers  by  wrought  iron  bands.  The  flooring  beams 
are  placed  equidistant  5  feet  from  centre  to  centre, 
notched  down  1  inch,  and  laid  upon  the  3tringers :  two 
of  them  are  produced  5^  feet  beyond  the  exterior  face  of 
the  truss,  and  from  their  extremities  braces  are  inclined 
and  spiked  against  the  horizontal  abutting  piece,  thus 
giving  the  truss  a  greater  base,  and  assisting  to  sustain 
it  in  its  vertical  position  upon  the  abutments. 

A  railing  is  placed  at  each  end  of  the  truss,  which  is 
then  boarded  up,  coped,  and  painted. 

Across  the  flooring  beams  are  laid  the  wooden  rails, 
8  inches  square,  and  upon  them  are  spiked  the  oak 
ribbons  and  iron  plate  that  form  the  track.  The  inter- 
mediate spaces  of  the  floor  are  laid  with  3-inch  thick 
pine  plank. 

The  abutments  are  formed  of  two  rows  of  piles :  the 
piles,  12  inches  square,  are  placed  2  feet  from  centre 
to  centre  transversely,  and  4  feet  from  centre  to  centre 
longitudinally,  united  at  top  by  a  longitudinal  cap, 
12  inches  square,  with  a  cross  cap  beneath  each  truss: 
the  exterior  of  the  abutments  is  then  cased  up  with 
3  inch  thick  oak  plank. 


UTICA  AND  SYRACUSE   RAILROAD. 


XXI 


Estimate  of  Umber  for  a  single  Track  Bridge  of  40  feet  Span, 

Wfeet  in  the  clear  between  trusses. 


Amount  in 

No.  of 

Kind  of 

Length 

Sixe  in 

feet,  board 

pieces. 

Names. 

timber. 

in  feet. 

inches. 

measure. 

4 

Stringers 

White 

pine 

46 

4x  15 

920 

4 

Horizontal  abutting  pieces 

»» 

14tV 

4x15 

2811 

8 

Sloping           ,,        braces 

»» 

17i 

4x15 

690 

8 

Minor               „             „ 

»> 

9i 

4x    9 

228 

4 

Railing  posts 

>» 

4i 

6x    4 

34 

4 

„      caps 

>» 

lOJ 

3x12 

126 

4 

Coping  plank,  not  shown  in  Plate 

»» 

10^ 

3x16 

168 

2 

»»                »»                » 

»f 

>» 

145 

3x16 

116 

4 

»»                »»                »> 

»» 

ft 

6 

3x16 

96 

4 

Bolting  blocks 

»» 

4 

4x  15 

80 

4 

»»           »» 

»» 

2 

4x15 

40 

6 

Flooring  beams 

»» 

13* 

7x12 

553 

2 

»»          »i 

») 

24i 

7x12 

340f 

4 

„          „        braces 

»« 

8 

6x    6 

96 

Flooring  plank,  not  shown  in  Plate 

»» 

15 

3x12 

1334 

Siding  boards        ,,        „ 

t» 

9 

1  X  4  to  10 

915 

It        t»              »t        »» 

»f 

6 

1  X  4  to  10 

495 

6 

Main  posts 

») 

9 

4x15 

270 

4 

»»      i* 

i» 

5f 

4x15 

115 

68981 

Estimate  of  Iron. 

68  bolts  of  1  inch  round  wrought  iron,  12  inches  long  in  clear  of 
head  and  nut. 
heads  and  nuts  for  ditto,  2  inches  square  by  1  inch  thick, 
washers  for  ditto,  3  inches  diameter  by  j  inch  thick. 
4  wrought  iron  bands,  2  feet  8  inches  by  12  inches  in  clear,  of  2| 

inches  by  f  inch  thick  iron. 
Total  weight  of  iron,  568  ibs. 

Fig.  2  is  an  isometrical  projection  of  one-half  of 
a  bridge  of  30  feet  span :  the  truss  is  similar  to  fig.  1 . 
In  a  bridge  of  this  span  the  stringers  and  horizontal 
abutting  pieces  are  separated  by  a  distance  of  3|^  feet 
between  them.  The  posts  are  placed  10  feet  from 
centre  to  centre.  Bolting  blocks  are  inserted  between 
the  ends  of  stringers  and  between  the  lower  ends  of 
sloping  abutting  braces,  as  in  fig.  1. 
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The  flooring  beams  are  suspended  beneath  the  truss 
by  stirrup  irons  that  pass  between  the  stringers,  and 
over  oak  wedges,  laid  upon  the  stringers  in  contact  with 
the  sides  of  the  posts.  At  right  angles  to  the  flooring 
beams,  and  notched  three  inches  over  them,  are  laid 
heavy  longitudinal  runners,  of  the  necessary  depth  to 
make  their  upper  surfaces  in  the  same  plane  with  the 
top  of  the  stringers.  The  whole  width  of  the  bridge  is 
then  floored  over  with  pine  plank,  and  the  8  inches 
square  rails  are  laid  directly  over  the  longitudinal 
runnei-s,  with  the  oak  ribbons  and  iron  plate  for  the 
track,  as  in  fig.  1.  From  the  ends  of  the  floor  timbers, 
braces  incline  to  the  truss,  as  in  fig.  1 ;  and  the  bridge  is 
finished  in  all  respects  the  same,  with  the  omission  of 
the  railing,  and  the  substitution  of  oak  trenails  for 
iron  bolts. 

The  foundations  are  of  single  timber  bents,  composed 
of  mud  sill  and  cap  united  by  vertical  posts :  braces  are 
introduced  at  the  ends,  on  the  same  inclination  with  the 
embankment  behind  them.     The  rear  is  then  planked  up. 

The  sills,  cap  pieces,   and  vertical   posts,  are  of  12 
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Estimate  of  Timber  for  a  single  Track.  Bridge  of  30  feet  Span, 

1 1  feet  in  clear  between  trusses. 


Amount  in 

No.  of 

Kind  of 

Length 

Siiein 

feet,  board 

piece*. 

Namea. 

timber. 

in  feet. 

inches. 

measure. 

4 

Stringers 

White  pine 

34 

4x15 

680 

4 

Horizontal  abutting  pieces 

ft      ff 

lOf 

tt 

215 

8 

Sloping            „       braces 

ff      1 

13 

tt 

520 

2 

Coping  planks,  not  shown  in  Plate 

»)       1 

m 

3x16 

98 

4 

•  »                              »»                              M 

tt      1 

13 

tt 

208 

8 

Bolting  blocks 

tt      1 

21 

4x15 

100 

2 

Flooring  beams 

tf       1 

24 

10x12 

576 

4 

„         „     braces 

It      1 

6f 

6x    6 

81 

2 

Longitudinal  runners 

»f      ) 

34 

8x15 

680 

4 

Posts 

tt 

7 

4x15 

140 

4 

Wedges  for  stirrup  irons 

„    oak 

1 

6x10 

20 

Flooring  planks 

tt    pine 

IH 

3x12 

1185 

Siding  boards,  not  shown  in  Plate 

tt      tt 

61 

1  X  4  to  10 

572 

5075 

40 

Trenails  of  white  oak,  li  inch 
diameter,  8  square 

^V 

• 

8 

Trenails  of  white  oak,  1   inch 
diameter,  8  square 

Estimate  of  Iron. 
4  bands,  2  feet  3  inches  by  1 2  inches  in  clear,  of  2f  inches  by  f  inch 

wrought  iron. 
4  stirrup  irons,  33  inches  by  10  inches  in  clear,  of  2f  inches  by 

f  inch  wrought  iron. 
Total  weight  of  iron,  280  ibs. 


Plate  62  is  an  isometrical  projection  of  a  truss  for  a 
bridge  of  60  feet  in  span  between  abutments:  it  is,  as 
may  be  seen,  an  enlargement  of  the  40  feet  span  in 
Plate  61,  fig.  1.  The  additional  strength  and  stiffness 
required  for  the  additional  length  is  obtained  by  the  in- 
sertion of  a  pair  of  arches  and  counter  braces. 

As  the  depth  of  the  truss  increases  in  proportion  with 
the  span  of  the  bridge,  while  its  thickness  continues 
only  the  same,  it  obviously  requires  more  security  against 
the  tendency  of  its  enlarged  superficies  to  warp  and 
change  its  vertical  position :  this  is  effected  by  means  of 
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gallows  frames,  formed  by  rumiing  up  posts  in  opposite 
trusses,  and  connecting  them  at  top  by  caps :  the  frame 
is  then  stiffened  by  inserting  braces  in  the  angles.  The 
depth  of  this  truss,  measuring  from  the  bottom  of  the 
stringer  or  chord  to  the  top  of  the  horizontal  abutting 
piece,  is  10  feet  3  inches.  The  posts  are  placed  equi- 
distant 7  feet  9  inches  from  centre  to  centre. 

This  bridge  rests  on  a  similar  foundation,  and  is  in  all 
respects  finished  in  the  same  manner  as  the  40  feet  span 
in  Plate  61,  fig.  1. 


Estimate  of  Timber  for  a  double  Track  Bridge  of  ^  feet  Spofiy 
(3  trusses,)  II  feet  in  clear  between  trusses. 


1 

No.  of 

I 

and  of 

Length 

Sixe  in 

feet,boud 

pieces. 

Names.                                 t 

Lmber. 

in  feet. 

inches. 

measure. 

6 

Stringers  or  chords                         Wh 

lite  pine 

66 

4x15 

1980 

6 

Horizontal  abutting  pieces                  » 

31i 

4x12 

756 

12 

Sloping            „       braces                 , 

19f 

»» 

948 

12 

Minor               ,,           „                      , 

181 

f» 

888 

12 

Diagonal  braces  between  posts           , 

lU 

4x    8 

360 

6 

»>             ?»            »                   » 

H 

ft 

132 

2 

Gallows  frame  caps                             » 

25i 

8x    8 

270i 

8 

„           „      braces                         , 

6 

6x    8 

192 

6 

Railing  posts                                        , 

6i 

4x    6 

78    ; 

6 

»      caps                                        , 

lOf 

3x12 

193i 

18 

Arch  pieces                                          , 

16 

4x12 

1152 

12 

»»        ♦»                                              » 

7i 

»♦ 

360 

13 

Floor  timbers,  not  shown  in  Plate       , 

25i 

7x12 

2305i 

2 

»♦             »»             f»                   1 

37i 

>» 

525 

4 

„          braces        „                   , 

n 

7x    9 

204f  : 

6 

Coping  plank,  not  shown  in  Plate       , 

m 

3x16 

396     ; 

6 

It            t)             tf                   } 

8i 

II 

204 

6 

»»             »»             »i                   » 

11 

II 

264 

9 

Main  posts                                          , 

lU 

4x12 

405     '' 

6 

i»       i»                                             t 

7 

II 

168 

6 

Gallows  frame  posts                           , 

18i 

II 

444 

6 

Bolting  blocks                                    , 

H 

II 

102 

6 

i»          »»                                         » 

H 

4x15 

165 

6 

»          »»                                         ♦ 

n 

4x12 

54 

Flooring  plank,  not  shown  in  Plate       , 

15 

2ixl2 

3630 

Siding  boards         „             „               , 

lU 

1  x4to  10 

3004     ! 

27 

»»          »»              »»             »»               » 
White  oak  trenails,  l^inch  dia- 

7 

II 

903     j 

20,0834 

meter,  8  square,  and  12  long 
WTiite  oak  trenails,  1  inch  dia- 

f> 

30 

meter,  8  square,  and  8  long 
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Estimate  of  Iron. 
195  bolts  of  1  inch  round  wrought  iron,  12  inches  long  in  clear  of 
head  and  nut. 
heads  and  nuts,  2  inches  square  by  1  inch  thick  wrought  iron, 
washers  for  ditto,  3  inches  diameter  by  \  inch  thick  wrought  iron. 
6  bands,  3  feet  3  inches  by  12  inches  in  clear,  of  2f  by  f  inch 

wrought  iron. 
6  bands,  2  feet  6  inches  by  12  inches  in  clear,  of  2f  by  |  inch 
wrought  iron. 
Total  weight  of  iron,  1 7 1 1  fbs. 

Plate  63  and  63*  show  a  considerable  alteration  in  the 
system  of  trussing.  The  truss  here  represented  of  88  feet 
span  is  much  simpler  in  its  design  than  that  of  82  feet 
span,  shown  in  Plate  64":  like  that,  this  possesses  the 
abutting  pieces,  abutting  piece  braces,  and  stringers, 
united  by  vertical  posts,  stiffened  by  counter  braces ;  but, 
substituted  for  the  arches,  minor  abutting  pieces,  and 
their  sloping  braces,  are  a  succession  of  parallel  braces, 
notched  into  the  stringers  opposite  to  a  post,  crossing 
an  intermediate  post,  and  notching  beneath  the  abutting 
piece  opposite  to  a  third  post:  they  are  bolted  to  the 
posts  at  their  intersections,  and  secured  by  trenails  to 
the  counter  braces. 

Upon  the  exterior  of  this  truss  is  bolted  a  pair  of 
arches  (parallel)  that  thrust  against  the  stone  abutments : 
they  descend  below  the  stringers,  and  are  fastened  to  the 
end  posts  produced  downwards :  they  form  a  great  addi- 
tion of  strength  and  beauty. 

In  casing  up  the  bridge  the  arches  are  cased  sepa- 
rately, adorned  with  mouldings,  and  relieved  by  a 
darker  tint. 
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In  this  bridge  the  floor  timber  braces  were  retained^ 
but  the  gallows  frames  were  omitted,  as  it  was  deemed 
that  sufficient  security  against  lateral  twisting  was  ob- 
tained by  the  extra  width  of  truss  given  by  the  arches. 

A  railing  was  placed  at  the  ends  of  the  truss,  and  the 
details  in  all  respects  were  the  same  as  described  for  the 
other  bridges. 

The  depth  of  truss,  from  under  side  of  stringer  to 
upper  side  of  abutting  piece,  is  10  j^  feet. 

The  distance  from  centre  to  centre  of  posts  is  8*70  feet. 

The  span  of  the  arch  is  86  feet,  and  the  rise  to  its 
intrados  is  13^  feet. 

The  foundations  were  stone  abutments,  with  wings 
flared,  executed  in  a  good  style  of  workmanship,  but 
possessed  of  nothing  in  the  design  to  warrant  particular 
notice. 
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Estimate  of  Timber  for  a  double  Track  Bridge  of  88  feet  Span, 
(3  trusses,)  11  feet  in  clear  between  trusses. 


Amount  in 

No.  of 

Kind  of 

Length 

Sisein 

feet,  board 

pieces. 

Names. 

timber. 

in  feet. 

inches. 

measure. 

6 

Chords  or  stringers 

White 

pine 

63 

4x16 

2016 

6 

fi              tf 

ff 

ff 

37 

ff 

1184 

6 

Horizontal  abutting  pieces 

ff 

ff 

52f 

4x15 

15821 

12 

Sloping            „       braces 

fi 

If 

25i 

ff 

1515 

36 

Truss  braces 

If 

ff 

21i 

4x12 

3096 

12 

»»        »> 

If 

ff 

11 

II 

528 

21 

Posts 

f» 

ff 

11* 

ff 

966 

6 

»» 

II 

ff 

81 

If 

204 

6 

f,    at  ends 

If 

ff 

16i 

ff 

390 

6 

„    for  railing 

ff 

ff 

61 

4x    9 

117 

6 

Railing  pieces 

ff 

If 

14f 

4x12 

354 

18 

Diagonal  braces  between  posts 

ff 

ff 

12i 

ff 

900 

6 

»f            II            »» 

ff 

ff 

101 

If 

252 

6 

II            If            II 

ff 

If 

61 

ff 

156 

12 

Arch  pieces 

fi 

ff 

21 

4x18 

1512 

18 

»i        II 

fi 

ff 

18f 

ff 

2025 

17 

Floor  timbers 

ff 

ff 

26f 

7x12 

3183^ 

3 

»»        »» 

ff 

ff 

41 

ff 

861 

2 

f>        II 

ff 

If 

}}}» 

ff 

165f 

6 

„        „      braces 

II 

7x    9 

3701 

6 

Coping  plank 

ff 

27 

21x16 

540 

6 

If         II 

II 

II 

10 

II 

200 

6 

If          fi 

II 

15 

II 

300 

6 

Bolting  blocks  between  stringers 

II 

If 

4 

4x16 

128 

6 

SpUcing           „                „ 

fi 

7f 

fi 

248 

6 

Bolting            ti  abutting  braces 

II 

4f 

4x15 

1421 

12 

„                „      feet  of  arches 

II 

2 

4x12 

96 

Siding  boards 

II 

111 

1  X  4  to  10 

6900 

36 

Flooring  plank 

Trenails  of  white  oak,  H  inch 

ff 

K&20 

21x12 

5500 

35,432|^ 

diam.,  8  square,  and  12  long 

12 

Trenails  of  white  oak,   1    inch 
diam.,  8  square,  and  7  long 

Estimate  of  Iron. 
192  bolts  of  1  inch  round  wrought  iron,  12  inches  long  in  clear  of 
head  and  nut. 
heads  and  nuts  for  ditto,  2  inches  square  by  1  inch  thick, 
washers  for  ditto,  3  inches  diameter  by  ^  inch  thick. 
108  bolts  for  splicing  bars  of  1  inch  round  wrought  iron,  12J  inches 
long  in  clear  of  head  and  nut. 
heads  and  nuts  for  ditto,  2  inches  square  by  1  inch  thick, 
washers  for  ditto,  3  inches  diameter  by  ^  inch  thick. 
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18  splicing  bars  of  wrought  iron»  lOj^  feet  long,  3  inches  by  j-  inch 
thick. 
6  wrought  iron  bands,  3  feet  by  1  foot  in  clear,  of  2|-  by  j-  inch 
thick  iron. 
93  bolts  for  arches,  of  1  inch  round  wrought  iron,  20  inches  long  in 
clear  of  head  and  nut. 
heads  and  nuts,  2  inches  square  by  1  inch  thick, 
washers  for  ditto^  3  inches  diameter  by  ^  inch  thick. 
Total  weight  of  iron,  4328  ibs. 


BRIDGING  OVER  THE  ONEIDA  CREEK  AND 

VALLEY. 

The  crossing  of  the  Oneida  Creek  Valley  constitutes  the 
heaviest  piece  of  bridging  on  the  line  of  the  Utica  and 
Syracuse  Railroad. 

The  ground  is  here  depressed  from  15  to  30  feet 
below  the  level  of  the  surrounding  table-land:  as  the 
approaches  furnished  no  excavation  for  embankmeut, 
trestle-work  was  adopted  as  a  cheaper  substitute. 

The  valley  at  this  point  is  about  2000  feet  broad,  and 
a  trestled  structure  is  carried  over  it  in  spans  of  30  feet, 
measuring  from  centre  to  centre  of  bents. 

The  creek  is  crossed  by  a  span  of  84  feet,  which  will 
be  hereafter  described.  Referring  to  Plate  66,  it  will 
be  perceived  that  the  trestle-work  is  of  the  most  econo- 
mical character;  the  stringers  rest  upon  single  bents, 
composed  of  sill  and  cap  piece,  with  vertical  posts 
between  them,  stiffened  by  cross  braces  of  plank  pinned 
against  them. 

The  upper  surfaces  of  the  stringers  are  united  by  a 
continuous  flooring  of  pl^k,  fastened  by  spikes.     At 
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distances  of  10  feet  the  stringers  are  supported  by 
braces,  which  abut  in  the  posts,  and  are  held  in  position 
by  the  mortise  and  tenon  joint. 

The  whole  is  surmounted  by  a  plain  railing,  framed 
upon  the  exterior  by  notching  out  half  the  lower  ends  of 
the  posts,  then  setting  them  upon  the  stringer,  and 
spiking  their  descending  parts  against  its  side.  Around 
the  posts  is  placed  a  projecting  coping  plank,  which 
covers  the  ends  of  the  flooring  planks,  and  presents  a  fair 
appearance  to  the  eye. 

The  railing,  coping  plank,  and  side  of  the  stringer, 
are  painted;  and,  viewed  from  above,  the  structure 
presents  the  appearance  of  a  level  platform. 

The  width  is  23  feet  and  7  inches  in  the  clear  between 
the  railing;  a  double  track  is  laid  throughout,  formed 
by  cross  ties,  of  the  same  size  and  distance  apart  as  are 
used  in  the  superstructure  for  the  road-bed ;  across  these, 
and  directly  above  the  stringers  placed  beneath,  are  laid 
the  rails  and  iron  plate. 

The  bents  for  the  trestle-work  east  of  the  Oneida 
Creek  rest  upon  foundation  walls  of  stone  masonry; 
those  on  the  west  rest  upon  a  foundation  of  bearing 
piles. 

The  span  of  84  feet,  (see  Plates  64  and  64**  of  span  of 
82  feet,  isometrically  drawn,)  it  may  be  seen,  shows  a 
gradual  increase  of  strength  over  the  60  feet  span ;  an 
extra  set  of  abutting  pieces  and  their  attendant  braces 
are  added,  and  the  timbers  are  increased  in  section 
throughout. 

This  span  is  the  most  perfect  adaptation  of  the  prin- 
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ciple  of  trussing  used  on  this  railroad;  the  bridge  is 
exceedingly  rigid,  and  bears  the  heaviest  loads  without 
being  sensibly  affected. 

The  timbers  are  secured  in  position  by  bolts  alone. 

In  this  truss  the  distance  between  the  stringer  and 
abutting  piece  is  10^  feet;  the  posts  are  placed  9  feet 
from  centre  to  centre,  and  the  counter  braces  are 
notched  into  them.  The  gallows  frames  were  con- 
structed in  the  manner  of  those  in .  the  60  feet  span 
bridge;  and  all  the  detail  and  finishing  were  of  the 
same  character  described  for  that  span. 

The  abutments  were  partially  composed  of  rectangular 
masses  of  masonry,  executed  as  per  specifications  for 
a  height  of  10  feet  above  low  water,  and  were  raised 
to  the  level  of  the  stringers  by  wooden  frames:  the 
stringers  of  the  trestle-work  join  upon  them,  which 
accounts  for  their  pier-like  appearance. 


Specification  of  a  Bridge  to  be  constructed  for  the  Utica  and 
Syracuse  Railroad  Company,  across  the  Oneida  Creek  and 
Valley y  reference  being  had  to  the  plans  of  the  same,  in  the 
office  of  the  Engineer  of  said  Company. 

The  bridge  is  to  be  composed  of  1  span  (truss)  of  84 
feet,  over  the  Oneida  Creek;  20  spans  (trestle)  of  29 
feet  each,  (see  Plate  66,)  east  of,  and  40  spans  (trestle) 
of  29  feet  each,  west  of  said  84  feet  span,  and  extending 
across  the  Oneida  Creek  Valley.  If  in  the  opinion  of 
the  engineer  it  may  be  deemed  necessary  or  advisable 
to  add  to,  or  deduct  from,  the  length  of  said  bridge,  it  is 
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hereby  understood  that  the  addition  or  deduction  shall 
not  vary  more  than  five  29  feet  spans,  at  each  or  either 
end,  from  the  number  of  spans  specified  above. 

Foundations  for  the  M  feet  Span. 

A  pit,  38  feet  long  and  15  feet  wide  on  the  bottom, 
shall  be  excavated  to  a  depth  of  3  feet  below  the  bed 
of  the  creek. 

The  bottom  of  said  pit  to  be  levelled  off,  and  two 
courses  of  6  inches  thick  timber  to  be  laid  crosswise, 
projecting  2  feet  from  the  base  of  the  masonry  on  every 
side. 

Masonry. — The  masonry  shall  commence  at  the  level 
of  16  feet  below  the  stringer  of  the  bridge;  at  which 
place  the  abutment  shall  be  a  parallelogram  30  feet  long 
and  7  feet  broad ;  each  face  shall  be  laid  with  a  batter  of 
1  in  12  for  a  vertical  distance  of  12  feet,  where  an  offset 
of  6  inches  shall  be  made,  and  the  masonry  continued 
on  the  same  batter  for  a  further  distance  of  4  feet. 

The  masonry  to  be  composed  of  good  sound  building 
stone,  well  quarried,  with  flat  beds  and  square  joints; 
no  stone  to  be  used  of  less  size  than  6  X  12  X  18  inches. 

The  comer  stones  to  be  well  bonded  into  the  body 
of  the  work,  and  none  to  be  of  a  size  under  12  X  18  X  30 
inches,  with  their  beds  and  sides  squarely  dressed  and 
truly  set. 

The  face  stones  to  be  laid  on  their  broadest  beds,  and 
disposed  in  alternate  layers  of  headers  and  stretchers ; 
the  headers  to  compose  one-third  part  of  the  masonry, 
and  to  extend  through  at  least  two-thirds  of  its  thickness. 
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The  face  stones  to  have  their  beds  and  ends  dreseed 
square,  and  to  be  laid  with  a  fiill  bearing  surface.  The 
face  of  the  abutments  to  be  hammer-dressed,  ranged  in 
courses  and  breaking  joints.  When  finished,  every  joint 
to  be  neatly  pointed. 

Carpentry. — The  abutment  from  the  top  of  the  ma- 
sonry shall  be  carried  up  to  the  level  of  the  bridge 
stringers,  by  a  trestle-work  of  wood  constructed  as 
follows : 

Two  parallel  vertical  frames  shall  be  erected,  at  a 
distance  of  3  feet  asunder ;  they  shall  be  strongly  braced, 
and  united  at  top  and  bottom  by  cross  ties. 

Each  frame  shall  consist  of  a  sill  and  cap  piece,  sepa- 
rated by  a  distance  of  14  feet.  The  sill  and  cap  piece  of 
each  frame  shall  be  united  by  seven  vertical  posts, 
tenoned  into  them  and  well  trenailed.  Upon  the  outside 
of  the  posts,  braces  shall  be  pinned,  as  shown  in  plan. 
The  cross  ties  which  unite  the  frames  at  top  and  bottom 
shall  be  dovetailed  4  inches  into  the  sills  and  cap  pieces. 

The  posts  shall  be  so  disposed  that  one  pair  shall  be 
immediately  beneath  a  bridge  truss.  The  three  pairs 
directly  under  the  bridge  trusses  shall  be  stiffened  by 
cross  bmces,  pinned  against  either  side,  as  shown  in 
plan. 

The  trestle  shall  be  made  in  a  workmanlike  and  sub- 
stantial manner;  every  joint  is  to  fit  and  bear  with  the 
utmost  precision.  All  the  trenails  used  are  to  have 
their  heads  well  wedged ;  to  be  1  inch  in  diameter,  and 
octagonal  in  section. 

The  timber  to  be  of  sound  white  pine,  free  from  sap. 
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windshakes,  wormholes,  or  large  loose  knots,  and  to 
be  of  the  sizes  specified  in  the  subjoined  estimate  of 
timber. 

Estimate  of  Timber  far  one  Trestle  Frame^  forming  part  of  an 
Abutment  for  a  Bridge  of  82  feet  Span,  over  Oneida  Creek. 
—See  Plate  65. 


No.  of 
pieces. 


For  what  pfuriMM  used* 


Kind  of 
timber. 


Length 

in  feet. 


Sitefai 
inches. 


Amoont 

in  feet, 

bond 

imeMure. 


2 

2 

14 

10 


18 


116 
244 
138 


Ctp  pieces 
Sills      .    . 
Posts    .    . 
Cross  ties  . 
Side  braces 


White  pine 


•    »    •    • 


ft 


End 


tt 

»» 


tt 
ft 


ft 
tl 
ft 
f> 
If 
»» 
tf 
tt 
tt 


28 
28 
15 

5 

9 

IH 
21i 
15 

8i 
8 


12x12 


3x 


9 


672 

672 

2520 

600 

81 

I39i 
193i 
135 

76i 
324 


5413i 


Trenails  of  oak,  1  in.  dia'.  &  12  in.  long 

15      „ 
18 


tt 


tt 

tt 


tt 


I 


Estimate  of  Cost  for  one  Abutments 

6525  feet,  board  measure,  white 
pine  plank  in  foundation  .     .  @  <g^  15*00  ^P'M.  B.  M. 

541 3^  feet,  board  measure,  white 
pine  plank  in  trestle  frame     .^^S^  15*00      „        „, 

Workmanship  on  ditto,  including 

cost  of  trenails 

161*71  cubic  yards  stone  ma- 
sonry   9^4*75  ^P' cubic  yard 


.  <g^97*87i 


81-20 


17000 


.     768*12 


.yill7*19i 


Note. — ^The  above  estimate  is  founded  on  the  prices  contracted  for, 
and  shows  the  actual  cost  of  the  abutment. 


Superstructure  for  the  S4feet  Span. — See  Plate  64. 
The  superstructure  of  the  bridge  is  to  be  composed 
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of  three  paraUel  vertical  truss  frames,  placed  upon  the 
foundations  at  right  angles,  and  separated  from  each 
other  by  distances  of  1 1  feet. 

The  truss  frames  are  to  be  composed  in  the  manner 
shown  on  the  plan,  and  the  timbers  to  be  firmly  bolted 
together. 

All  the  timber  in  the  superstructure  shall  be  good, 
sound,  well -seasoned,  square-edged  white  pine,  free  from 
sap, — that  has  been  sawed  at  least  six  months,  and  is  of 
the  dimensions  marked  on  said  plan,  and  stated  in  the 
annexed  estimate  of  timber. 

The  whole  shall  be  framed  and  braced,  as  shown  on 
said  plan,  in  the  most  substantial  and  workmanlike 
manner :  each  shoulder  and  joint  must  fit  and  bear  with 
the  utmost  precision:  every  brace  and  bearing  timber 
that  has  not  a  perfect  fit  and  bearing  will  be  rejected. 
The  flooring  beams  are  to  be  placed  at  right  angles  to 
the  truss  frames.  The  joints  of  the  arch  pieces  to  be 
in  the  line  of  radii  to  the  arc.  The  string  timbers  to  be 
spliced  as  shown  on  the  plan,  with  three  splicing  bars  to 
each  joint :  said  splicing  bars  to  be  11  feet  long,  pierced 
with  holes  and  fitted  with  spurs  on  the  ends :  one  hole 
in  each  end  of  every  bar  is  to  be  so  placed  that  the  bolt 
will  pass  through  the  adjacent  post. 

A  splicing  timber  5x18  inches,  and  of  such  length 
as  will  fill  the  space  between  the  posts,  shall  be 
inserted  between  the  stringers,  and  the  bolts  shall  be 
screwed  until  all  the  timbers  are  forced  into  close  con- 
tact. 

The  floor  is  to  be  formed  with  sound  2^  inches  thick 
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white  pine  plank,  laid  edge  to  edge,  and  firmly  spiked 
to  the  floor  beams.  The  sides  of  the  truss  frames  are  to 
be  cased  up  with  sound  well-seasoned  white  pine  tully 
boards,  planed,  matched,  and  nailed  on  vertically  edge 
to  edge  in  close  contact.  Fuming  pieces  are  to  be 
interposed  between  the  casing  and  truss  frame. 

The  trusses  to  be  coped  with  sound  white  pine  plank, 
projecting  2  inches  over  their  sides:  the  upper  surfaces 
of  said  plank  to  be  properly  bevelled  for  throwing  off 
the  water,  and  the  under  surfaces  to  be  wrought  with  a 
groove. 

Painting. — ^The  siding  of  the  trusses  and  the  gallows 
frames  to  be  covered  with  two  coats  of  oil,  of  such  colour 
as  may  be  directed. 

Iron. — The  bolts  to  be  of  the  best  round  wrought 
iron,  1  inch  in  diameter,  to  be  driven  through  f -inch 
auger  holes;  the  nuts  and  screws  to  be  cut  with  a 
perfect  thread.  The  heads  of  the  bolts  to  be  firmly 
fastened  on;  to  be  of  f-inch  thick  iron  by  2  inches 
square.  The  nuts  to  be  of  the  same  dimensions  as  the 
heads,  and  provided  with  washers. 

In  such  places  as  the  engineer  shall  permit,  white  oak 
trenails  may  be  used. 

The  bands  to  be  of  the  best  bar  iron,  2^  by  ^  inch, 
firmly  welded  together. 

The  splicing  bars  to  be  of  3  X  f  inch  thick  iron,  of 
the  same  quality  with  the  bands. 

* 

Foundations  for  the  29  feet  Spans. — See  Plate  66. 
For  the  spans  east  of  the  84  feet  span,  the  foundations 
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shall  be  prepared  by  digging  a  trench  3  feet  below  the 
sur&ce  of  the  ground^  and  of  sufficient  length  and 
breadth  to  receive  the  masonry.  A  doable  course  of  2i^ 
inches  thick  pine  planks  to  be  laid  crosswise,  and  a  wall 
composed  of  good  sized  building  stone,  laid  in  water- 
lime  mortar,  to  be  placed  upon  them. 

The  wall  to  be  2  feet  thick,  28  feet  long,  and  of  such 
height  as  the  levels  of  the  engineer  may  indicate :  said 
walls  to  be  laid  in  a  workmanlike  manner,  to  the  satisCau;- 
tion  of  the  engineer. 

For  the  spans  west  of  the  84  feet  span,  the  foundations 
shall  be  prepared  by  driving,  to  a  depth  satisfiatctory  to 
the  engineer,  seven  good,  sound,  white  oak,  white  or 
pitch  pine,  or  cedar  piles,  12  inches  diameter. 

Upon  the  foundation  walls,  and  upon  the  foundation 
piles,  timber  bents  are  to  be  placed,  constructed  as 
follows:  a  sill  and  cap  piece  are  to  be  framed  upon 
seven  vertical  posts  with  the  mortise  and  tenon  joint 
The  posts  to  be  of  a  sufficient  length  to  make  the  top 
of  the  bent  on  a  level  with  the  bottom  of  the  stringers. 
The  posts  are  to  be  so  placed  that  each  shall  be  directly 
beneath  its  corresponding  stringer. 

The  bents  shall  be  stiffened  by  cross  braces  of  plank 
pinned  against  the  sides. 

The  bents  placed  upon  the  pile  foundations  shall 
have  their  sills  fastened  to  the  heads  of  the  piles  by  the 
mortise  and  tenon  joint,  and  by  iron  straps  3  inches  by 
^  inch  thick,  passed  around  said  sill  and  bolted  to  the 
piles.     Four  straps  to  each  bent. 
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Superatructure  for  the  22  feet  Spans.-^See  Plate  66. 

The  superstructure  to  be  composed  of  seven  stringers, 
laid  at  right  angles  upon  the  bents,  and  directly  over 
the  posts  placed  beneath. 

Four  stringers  to  be  placed  directly  beneath  the  rails 
of  the  track. 

With  the  exception  of  the  middle  stringer  and  post, 
braces  are  to  be  inserted,  on  a  slope  of  1  to  1,  between 
the  stringers  and  posts.  The  braces  are  to  be  notched 
in,  and  held  by  the  mortise  and  tenon  joint. 

A  railing,  composed  of  cap  piece  and  vertical  posts, 
is  to  be  fastened  upon  the  exteriors  of  the  outside 
stringers ;  and  the  stringers  are  to  be  floored  over  with 
2^  inches  thick  pine  plank.  The  quality  of  timber  and 
style  of  workmanship  to  be  precisely  the  same  with  the 
84  feet  span,  before  specified. 

The  railing  posts,  railing  caps,  and  the  exteriors  of 
outside  stringers,  are  to  be  painted  with  two  coats  of  oil, 
of  such  colour  as  may  be  directed. 

The  whole  of  the  above-named  work,  together  with 
the  delivery  and  acceptance  of  the  materials,  and  all 
things  connected  therewith,  to  be  under  the  direction 
and  inspection  of  the  said  engineer. 

Such  parts  of  the  above-named  work  as  are  not  par- 
ticularly described  are  to  be  in  accordance  with  the 
directions  of  the  said  engineer. 
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Estimate  of  Timber  for  a  double  Track  Bridge  of  %\  feet  Span, 
(3  trusses^  llfeet  in  clear  between  trusses. — See  Plate  64. 


Amount  in 

No  of 

Kind  of 

Length 

Sixein 

feet,  board 

pieces. 

Names. 

timber. 

in  feet. 

inches. 

measure. 

6 

Stringers  or  chordB 

White 

pine 

61i 

5x18 

2767i 

6 

f»              II 

If 

If 

34i 

ft 

1552i 

6 

Horizontal  abutting  pieces 

II 

ff 

36i 

5x15 

1368i 

12 

Sloping  abutting  braces 

fi 

ff 

30 

ff 

2250 

6 

Minor  horizontal  abutting  pieces 

ff 

ff 

18i 

ff 

693f 

12 

Minor  sloping  abutting  braces 

fi 

ff 

21i 

5x12 

1290 

12 

Sloping  braces  at  centre 

II 

ff 

13 

ff 

780 

18 

Arch  pieces 

II 

II 

19 

5x15 

2137i 

12 

II        II 

ft 

fi 

16i 

ff 

1237i 

9 

Posts 

II 

II 

14i 

5x12 

652i 

6 

II 

If 

II 

11 

fi 

330 

6 

f» 

II 

II 

6f 

*  fi 

202i 

6 

Gallows  frame  posts 

11 

II 

19 

ff 

570 

2 

Gallows  frame  caps 

11 

fi 

26 

7x12 

364 

8 

Braces  for  ditto 

II 

11 

7i 

6x12 

360 

12 

Diagonal  braces  between  posts 

II 

If 

15 

5x12 

900 

6 

II            II            II 

II 

f» 

Hi 

If 

345 

6 

II            II            II 

II 

II 

9i 

II 

285 

14 

Floor  timbers 

II 

II 

26 

7x12 

2548 

2 

II        II 

II 

If 

11* 

If 

156^ 

2 

II        II 

II 

II 

40 

ff 

560 

4 

„        „       braces 

II 

If 

12 

7x9 

252 

6 

Splicing  pieces  between  stringers 

II 

ff 

8 

5x18 

360 

6 

II            II            II            II 

II 

If 

9 

ff 

405 

6 

II            II            II        sloping 

abutting  braces 

II 

II 

7 

5x15 

262i 

6 

Splicing  pieces  between  ends  of 

arches 

II 

II 

4 

II 

150 

Flooring  plank 

II 

II 

15 

2ixl2 

4950 

Siding  boards 

II 

II 

14i 

Ix4tol0 

6540 

6 

Railing  pieces 

II 

II 

14 

5x15 

525 

6 

„      posts 

II 

II 

6i 

6x5 

97i 

6 

Coping  plank 

II 

II 

19 

4x19 

722 

6 

»»        II 

II 

II 

18 

11 

684 

6 

II        II 

II 

II 

15 

II 

570 

36,868^ 

Estimate  of  Iron  for  the  above-named  Bridge, 
219  bolts  of  1  inch  round  wrought  iron,  15  inches  in  clear  of  head 
and  nut. 
heads  and  nuts,  2  inches  square  by  f  inch  thick, 
washers  for  ditto,  3  inches  diameter  by  \  inch  thick. 
144  bolts  for  splicing  bars,  of  1  inch  round  wrought  iron,  15 J  inches 
in  clear  of  head  and  nut. 
heads  and  nuts,  2  inches  square  by  f  inch  thick. 
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144  washers  for  ditto,  3  inches  diameter  by  i  inch  thick. 

18  splicing  bars  of  wrought  iron,  11  feet  long,  3  inches  by  f  inch 

thick. 
6  wrought  iron  bands,  4  feet  by  15  inches  in  clear,  of  2^  by  |  inch 

thick  iron. 
6  wrought  iron  bands  2f  feet  by  15  inches  in  clear,  of  2^  by  |  inch 

thick  iron. 
Total  weight  of  iron,  3500 fbs. 
54  white  oak  trenails,  8  inches  square,  2  inches  diameter,  and  15 

inches  long. 
30  white  oak  trenaib,  8  inches  square,   1  inch  diameter,  and  15 

inches  long. 


Estimate  of  Timber /or  one  Span  of  29  feet  in  clear  between 

Bents.— See  Plate  66. 


No.  of 
piece*. 

Names. 

Kind  of 
timber. 

Length 
in  feet. 

Size  in 
inches. 

Amount  in 

feet,  board 

measure. 

7 
1 

1 
2 

7 

12 
16 

2 
30 

2 

72 
24 

For  one  Bent, 
Posts 

White  pine 
II      II 
II      II 

II      II 

19 
26 

II 
28 

30 
15 

4f 
30 

23A 
30 

12x12 

II 

II 
3x12 

7x14 
7x10 
5x5 

2i  X  12 
2ix8 

Total .  . 

1596 
312 
312 
168 

Cap  piece 

Sill 

Diagonal  braces 

Superstructure, 

Stringers 

Braces  for  ditto 

2388 

1715 

1050 

158i 

125 

1768f 

100 

Railincr  Dosts 

It      pieces 

11                ^»»»*<»*w      ...... 

Floorins:  olank 

CoDincT      

White  oak    trenails,    8    inches 
square,  1  diam.,  and  12  long 

White    oak   trenails,    8    inches 
square,  1  diam.,  and  7  long 

4917^ 

7305,^ 

Note, — ^The  subjoined  estimate  is  founded  on  the  prices  contracted 
for,  and  shows  the  actual  cost  of  one  span. 


xl  TIMBER  BRIDGES,  &c.  ON  THE 

Estimate  G/ca$i/or  one  Spai^  exclusive  of  Foundaiums /or 

Bent. 

30  lineal  feet  of  superetructnre      .     .     .     9  ^  500  .     .     ^150-00 

2388  feet  board  measure  timber  in  one  b^t  @  <S^  15*00  ^  M.         3582 

framing  ditto 9>  -ig*3000     „  71*64 


^257-46 


Where  foundation  walls  are  used,  add  for 
6*22  cubic  yards  stone  masonry  @  ^493  ^  cub.  y^.  ^30'66 
435  feet  B.  M.  plank  in  foundation  @  S 1000  ^  M.        4*35 

Where  bearing  piles  are  used,  add  for 
1 75  lineal  feet  of  pile  timber  @  3  cents  ^  foot      .  ^  5*25 

Driving  ditto  @  24  cents  ^  foot ^42-00 

Iron  for  ditto ^15*00 


<8^3501 


,g^  62-25 


Plates  67  and  67*  represent  a  bridge  of  one  span  of  100 
feet  in  the  clear  between  abutments,  constructed  across  the 
Mohawk  River,  near  the  city  of  Rome :  it  is  the  longest 
span  used  on  this  railroad. 

The  manner  of  trussing  is  precisely  similar  to  the  84 
feet  span  shown  in  Plate  64,  making  the  obvious 
alterations  required  for  an  extended  span:  it  rests  on 
pile  bent  abutments. 

The  dimensions  are  figured  on  the  plan,  and  the 
whole  is  so  shown  in  detail  as  to  preclude  the  necessity 
of  further  description. 

The  piles  in  the  abutments  are  so  arranged  as  to  bring 
one  pair  of  them  directly  beneath  each  truss. 

Fig.  1  is  a  geometrical  elevation  of  the  side  of  the  truss. 

Fig.  2  is  a  horizontal  section  of  one-half  the  bridge. 
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taken  at  the  top  of  the  stringers,  showing  the  connexion 
of  the  floor  beams  and  flooring. 

Fig.  3  is  a  cross  section  taken  at  right  angles  through 
the  centre  of  the  bridge,  and  shows  a  side  view  of  the 
abutment. 

Fig.  4.  is  an  isometrical  projection  of  the  truss. 


Specification  of  a  Bridge  of  100  feet  Spauy  to  be  constructed  for 
the  Utica  and  Syracuse  Railroad  Company y  over  the  Mohawk 
River y  at  Burrows^  about  5  miles  east  of  the  city  of  Rome ; 
reference  being  had  to  the  plan  of  the  samCy  in  the  office  of 
the  Engineer  of  the  said  Company, 

FOUNDATIONS. 

The  superstructure  is  to  be  supported  by  timber 
bents,  or  abutments  formed  by  driving  piles  into  the 
ground  in  the  manner  herein  specified. 

The  bearing  piles  are  to  be  of  sound,  square -edged 
white  oak,  free  from  sap  or  loose  knots,  and  of  a  suffi- 
cient length  to  be  driven  into  the  ground  to  a  depth 
satisfactory  to  said  engineer,  say,  not  to  exceed  25  feet. 
After  they  are  driven,  the  piles  are  to  be  sawed  ofi*  at  the 
proper  elevation  to  receive  the  cap  pieces.  The  cap 
pieces  are  to  be  fastened  on  by  the  mortise  and  tenon 
joint,  and  secured  by  white  oak  trenails.  Each  abut- 
ment is  to  consist  of  two  rows  of  piles,  separated  by  a 
distance  of  3  feet,  and  driven  in  straight  lines  at  right 
angles  to  the  axis  of  the  bridge.  Each  row  is  to  consist 
of  7  piles.  The  cap  pieces  are  to  be  of  the  same  size  and 
quality  as  the  piles,  and  to  be  27i  feet  long.     The  sides 
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of  the  bents  are  to  be  planked  up  vrith  sound  2^-inch 
pine  planks,  laid  edge  to  edge,  and  pinned  against  the 
piles. 

The  bents  to  be  filled  with  cobble  stone,  well  packed. 

The  timber  to  be  delivered  upon  the  ground  of  the 
lengths  and  sizes  specified  in  the  annexed  estimate  of 
timber. 

Estimate  of  Timber  for  one  Abutment. 


No.  of 
pieces. 

1                      Name*. 

i 

Kind  of 
timber. 

Length 
in  feet. 

Sise  in 
inches. 

Amount  Amount  in 

in  lincftl  feet,  board 

feet.    1  messure. 

14 
2 
3 

Piles 

Caps 

White  oak 

1 

32 
5 

12x12 

•  • 

•  • 

488 
55 
15 

750 

Cross  caps 

Plank 

White  oak  trenails,  8  in. 
square,  1    diam.,  and 
12  long 

•  •        •  • 

i 

i 
1 

1 

VNTiite  pine 

558 

46 

Estimate  of  Cost  for  one  Abutment. 

558  lineal  feet  of  white  oak  timber  @  12  cents  ^  lineal  foot    <^    66*96 

488     ,,         „       pile  timber  driven  @  75       „         „         „  366*00 

70     „         ,,       cap     „      framed  ®  25       „         „         „  17*50 

750  feet,  board  measure,  of  pine  plank  @  <8^1000  ^  M.  B.  M.  7*50 


<8^  457-96 


Note, — The  above  estimate  is  for  the  contracted  prices,  and  shows 
the  amount  paid  on  the  final  estimate. 


SUPERSTRUCTURE. 

The  superstructure  is  to  consist  of  one  stretch  of  100 
feet  in  clear  of  abutments,  and  to  comprise  three  trusses, 
so  placed  as  to  leave  a  clear  way  of  11  feet  between  them. 
The  tmsses  are  to  be  framed  and  braced  according  to  said 
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plan,  and  the  timbers  are  to  be  of  such  dimensions  as 
are  marked  thereon,  and  stated  in  the  annexed  estimate 
of  timber. 

The  timbers  are  to  be  firmly  bolted  together  with 
iron  screw  bolts.  The  whole  is  to  be  framed  and  braced 
in  the  most  substantial  and  workmanlike  manner :  every 
shoulder  and  joint  is  to  fit  and  bear  with  the  utmost 
precision,  and  the  timbers  are  to  be  placed  in  the 
positions  shown  on  the  plan,  with  the  utmost  accuracy. 

The  timber  to  be  used  must  be  sound,  fair,  and 
square-edged  pine,  free  from  sap,  wane,  and  large  or 
loose  knots,  and  that  has  been  sawed  during  at  least  six 
months.  The  floor  is  to  be  laid  with  sound  2^  inches 
thick  white  pine  planks,  placed  edge  to  edge,  and  spiked 
firmly  to  the  floor  beams.  The  floor  beams  to  be  laid  at 
right  angles  to  the  direction  of  the  trusses.  The  sides 
of  the  trusses  are  to  be  boarded  up  with  sound,  well- 
seasoned  white  pine  tuUy  boards,  planed  and  matched 
together,  placed  edge  to  edge  vertically,  and  firmly 
nailed  to  the  trusses.  Fuming  pieces,  1  inch  thick,  to 
be  interposed  between  the  casing  and  trusses.  A  small 
space  is  to  be  left  betw^een  the  ends  of  the  flooring  plank 
and  the  sides  of  the  casing.  The  trusses  are  to  be  coped 
with  white  pine  plank  that  project  2  inches  beyond  the 
sides  of  the  truss,  and  have  their  upper  surfaces  bevelled, 
to  carry  off*  the  water;  their  under  surfaces  to  be 
wrought  with  a  groove.  The  timbers  are  to  be  notched 
over  each  other  at  the  places  shown  on  the  plan ;  eacli 
notch  is  to  be  squarely  cut  of  the  exact  size,  and  to  fit 
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Painting. — The  sides  and  ends  of  the  trusses,  the 
gallows  frames,  and  external  braces,  to  be  covered  with 
two  coats  of  oil  and  white  lead. 

Iron, — The  screw  bolts  are  to  be  round  wrought  iron, 
1  inch  in  diameter,  to  be  driven  through  ^-inch  auger 
holes.  Their  heads  to  be  2  inches  square  by  f  inch 
thick,  and  to  be  firmly  fastened  on. 

The  nuts  to  be  of  the  same  dimensions  with  the  heads, 
and  each  provided  with  a  washer  3  inches  in  diameter 
by  I  inch  thick.  Where  directed  by  the  engineer,  white 
oak  trenails,  octagonal  in  section,  and  1^  inch  in  dia- 
meter, mav  be  used. 

The  bands  are  to  be  made  of  the  best  wrought  iron, 
2^  inches  by  |  inch  thick,  firmly  welded  or  screwed 
together,  of  the  size  specified  in  the  annexed  estimate  of 
iron. 

One  stringer  in  each  truss  shall  be  spliced  once,  and 
its  opposite  shall  be  spliced  twice  at  such  places  as  will 
equally  break  joints,  as  represented  on  said  plan.  There 
shall  be  3  splicing  bars  to  each  joint.  Each  splicing  bar 
shall  be  11  feet  long,  of  3  inches  by  f  inch  thick 
wrought  iron,  fitted  upon  the  ends  with  spurs,  and 
pierced  by  holes,  as  shown  on  said  plan.  The  splicing 
bars  to  be  firmly  fastened  to  the  stringers  by  1-inch 
diameter  screw  bolts,  of  the  quality  specified  above. 
The  workmanship  of  the  iron  to  be  neatly  and  accurately 
executed,  and  the  material  to  be  of  the  first  quality. 

Tlie  whole  of  the  above  work,  together  vnih  the 
delivery  and  inspection  of  the  materials,  to  be  under 
the   direction    of  the  engineer;  and  the   said  work   is 
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to  be  constructed  in  every  respect  in  accordance  to 
the  specifications  and  plans;  subject  to  such  alterations 
as  may  be  directed  from  time  to  time  by  the  engineer. 


Estimate  of  Timber  for  a  double  Track  Bridge,  100  feet  Span, 

1 1  feet  in  clear  between  trusses. 


r 

Amount  in 

No.  of 

Kind  of 

Length 

Sixein 

feet,  board 

piece*. 

Names. 

timber. 

in  feet. 

inchei. 

measure. 

3 

Chords  or  stringers 

White  pine 

50i 

5x18 

1136i 

3 

•  •                             •  • 

59i 

1338f 

3 

•  •                             •  « 

63 

14l7i 

6 

•  •                             •  • 

23i 

1057i 

6 

Horizontal  abutting  pieces 

54f 

5  X  15 

2053^ 

12 

Sloping           . .       braces 

30f 

2306i 

6 

Minor  horizontal  abutting  pieces 

18f 

7031 

12 

..     sloping                     braces 

2U 

5*x  12 

1275 

12 

Sloping  braces  at  centre 

16i 

975 

36 

Arch  pieces 

18i 

5x15 

4162i 

9 

Posts  for  gallows  frames 

19 

1068f 

12 

Posts 

14» 

1106i 

6 

•  • 

Hi 

43H 

6 

•  • 

7» 

290i 

6 

. .    for  railing 

H 

206i 

6 

Caps 

10 

375 

18 

Diagonal  braces  (between  posts) 

15t 

bx  12 

14171 

G 

•  •                    •  •                                •  • 

12» 

382i 

6 

•  •                    •  •                                •  • 

H 

292i 

3 

Gallows  frame  caps 

26i 

7x12 

551i 

12 

braces 

6* 

6x12 

468 

19 

Floor  beams 

26 

7x12 

3458 

2 

•  *             •  • 

23i 

•  • 

339 

3 

•  •             •  • 

42 

•  • 

882 

6 

Braces  to  ditto 

13i 

7x9 

425i 

9 

Splicing  blocks  between  stringers 

7f 

5x18 

523i 

6 

•  •                         •  •                         •  • 

6 

•  • 

270 

6 

sloping 

abutting  braces 

5 

5x15 

187i 

6 

Splicing  blocks  between  feet  of 

arches 

4 

•  • 

150 

6 

Cap  plank 

28 

3x19 

798 

12 

•  •              •  • 

.. 

10 

•  • 

570 

Siding  boards 

15 

Ix4tol0 

8000 

120 

Flooring  planki 

White  oak   trenails,    8    inches 

15  to  20 

2ixl2 

6586 

45,203f 

square,  1^  diameter  &  15  long 

33 

White  oak    trenails,    8    inches 
square,  1  diameter,  &  12  long 

1 
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Estimate  of  Iron. 
294  bolts,  of  1  inch  diameter  round  wrought  iron,  15  inches  in  clear 
of  head  and  nat. 
heads  and  nuts,  2  inches  square  by  f  inch  thick, 
washers  for  ditto,  3  inches  diameter  by  ^  inch  thick. 
270  bolts  for  splicing  bars,  of  1  inch  round  wrought  iron,  15f  inches  in 
clear  of  head  and  nut. 
heads  and  nuts  for  ditto,  2  inches  square  by  f  inch  thick. 
27  splicing  bars  of  wrought  iron,  1 1  feet  long,  3  inches  by  }  inch  thick. 
6  wrought  iron  bands,  4  feet  2  inches  by  15  inches  in  clear,  of  2^^  inches 

by  I  inch  thick  iron. 
6  wrought  iron  bands,  3  feet  1  inch  by  1 5  inches  in  clear,  of  2 J  inches 

by  f  inch  thick  iron. 
Total  weight  of  iron,  4857  fts. 


Plate  68  represents  a  trestle  bridge  constructed  over 
the  Onondaga  Creek  and  Valley,  for  a  length  of  600 
feet.  It  is  at  the  western  terminus  of  the  Utica  and 
Syracuse  Railroad,  and  was  constructed  by  that  Railroad 
Company  for  the  Syracuse  and  Auburn  Railroad  at 
their  junction.  The  Onondaga  Creek,  at  the  place 
crossed  by  the  line  of  railroad,  was  formed  into  a  mill 
pond  by  an  artificial  dam  below ;  so  that  the  depth  of 
water  at  the  lowest  was  about  1 1  feet.  The  foundations 
were  constructed  during  the  winter  season,  while  the 
pond  was  frozen  over.  The  position  of  each  pile  having 
been  accurately  ascertained  on  the  level  surface  of  the  ice, 
a  square  hole  was  cut  just  of  the  proper  size  to  admit  the 
pile ;  the  piling  machine  was  then  brought  on,  and  the 
piles  were  driven  into  the  hard  gravelly  bottom  below 
the  bed  of  the  pond. 

The  trestle-work   was   executed  in  spans  of  30  feet 
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each,  measuring  from  centre  to  centre  of  bents,  and  it 
very  much  resembles,  in  its  general  features,  the  trestle- 
bridge  over  the  Oneida  Creek  Valley,  represented  in 
Plate  66.  It  is,  however,  a  much  firmer  structure. 
The  piles  and  the  sills  of  the  bents  are  14  inches  square, 
and  the  braces  that  stiffen  them  are  double  on  each  side, 
and  are  held  in  position  by  screw  bolts  of  iron  in  place 
of  trenails.  The  heads  of  the  piles  were  sawed  off  at  the 
level  of  1  foot  above  the  surface  of  the  ice,  and  the  sills 
of  the  bents  were  fastened  upon  them  by  the  mortise 
and  tenon  joint,  and  further  secured  by  wrought  iron 
straps ;  four  straps  to  each  bent.  A  general  description 
of  the  superstructure  would  be  but  a  repetition  of  that 
for  the  Oneida  Creek  Valley  Bridge;  it  is  therefore 
omitted.  The  subjoined  specifications  and  estimates  of 
material  fully  explain  the  kind  and  quality  of  work- 
manship and  material  used  in  its  construction. 


Specification  for  a  Trestle  Bridge  to  be  constructed  for  the 
Utica  and  Syracuse  Railroad  Company ,  over  the  Onondaga 
Creek,  near  Syracuse,  reference  being  had  to  the  plans  of 
the  same,  in  the  office  of  the  Engineer  of  the  said  Company. 

The  bridge  is  to  consist  of  20  spans  of  30  feet  each, 
measuring  from  centre  to  centre  of  bents,  and  to  be  of  a 
sufficient  width  to  accommodate  two  tracks.  To  be  con- 
structed on  pile  foundations. 

FOUNDATIONS. 

The  foundations  to  be  prepared  by  driving  bearing 
piles  of  square-edged,  sound  white  oak  timber,  to   the 
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depth  of  the  hard  bottom  beneath  the  cre^  bed,  or  to 
the  satisfactioii  of  the  engineer.  The  piles  to  be  sawed 
off  at  a  level  of  1  foot  above  low- water  mark,  and  to  have 
their  heads  joined  by  the  sill  of  the  bent.  The  piles  to 
be  of  straight  and  sound  white  oak  timber,  hewn  square, 
and  totally  free  from  wane  and  large  or  loose  knots, 
and  to  be  of  the  dimensions  specified  in  the  annexed 
estimate  of  timber.  The  piles  are  to  be  seven  in  number 
for  each  bent,  to  be  driven  in  a  straight  line,  at  right 
angles  to  the  line  of  railroad,  and  at  such  distances  apart 
as  are  represented  on  the  said  plan. 

BENTS. 

Upon  the  heads  of  foundation  piles,  a  sill,  14  inches 
square  and  27  feet  long,  is  to  be  fastened  by  the  mortise 
and  tenon  joint,  and  further  secured  by  wrought  iron 
straps,  passed  over  them  and  bolted  to  the  piles.  Im- 
mediately over  the  piles,  seven  vertical  posts,  12  inches 
square,  are  to  be  erected,  of  the  length  specified  in  the 
annexed  estimate  of  timber.  Upon  them  a  cap,  12 
inches  square,  is  to  be  mortised  and  firmly  held  by  white 
oak  trenails. 

Upon  each  side  of  the  posts,  two  parallel  braces,  of  the 
dimensions  specified  in  the  annexed  estimate  of  timber, 
are  to  be  firmly  fastened  by  wrought  iron  screw  bolts. 
All  the  workmanship  of  the  foundations  is  to  be  of  the 
first-rate  style  of  joinery,  and  executed  as  per  plans  and 
specifications.  The  timber  for  the  bents  to  be  of  sound, 
square-edged  white  pine  timber,  free  from  black  or 
loose  knots,  windshakes,  wormholes,  and  sap. 
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Iron. — ^There  are  to  be  four  straps  for  each  bent,  and 
two  screw  bolts  to  each  strap.  They  are  to  be  of  the 
dimensions  stated  in  the  annexed  estimate  of  iron,  and 
are  to  be  manufactured  from  the  best  quality  of  American 
wrought  iron. 

A  screw  bolt  is  to  be  passed  through  each  brace  and 
post  at  their  intersection'.  The  screw  bolt  is  to  have 
a  clear  and  strong  thread  cut  at  its  end,  2  inches  long, 
and  to  be  manufactured  from  the  best  quality  of  American 
wrought  iron. 

SUPERSTRUCTURE. 

The  superstructure  is  to  be  composed  of  7  stringers, 
laid  across  the  bents,  at  right  angles  to  the  line  of  their 
direction,  and  directly  oyer  the  posts  placed  beneath. 
The  ends  of  the  stringers  to  abut  squarely,  and  to  be 
notched  one  inch  over  the  cap  pieces  of  the  bents. 

A  sloping  brace  is  to  be  inserted  between  each  stringer 
and  post,  and  to  be  firmly  held  in  position  by  the  mor- 
tise and  tenon  joint,  well  trenailed. 

The  tops  of  the  stringers  are  to  be  planked  over  with 
2^  inches  thick  white  pine  plank,  firmly  spiked  down. 
Upon  the  outside  stringer  a  railing  is  to  be  erected, 
composed  of  railing  posts  and  cap  pieces.  The  cap 
pieces  to  be  mortised  upon  the  posts.  Each  joint  of  the 
cap  piece  is  to  be  protected  from  water  by  a  piece  of 
canvass,  saturated  with  white  lead  and  oil,  tightly  bound 
around  it.  A  projecting  coping  plank,  placed  upon  the 
level  of  the  flooring  planks,  is  to  be  notched  around  the 
posts,  and  firmly  spiked  upon  the  outside  stringer. 


1  TIMBER   BRIDGES,  &c.   ON  THE 

All  the  timber  used  is  to  be  of  the  first  quality  white 
pine,  free  from  sap,  wane,  windshakes,  wormholes,  and 
all  loose  or  large  knots ;  to  be  sawed  perfectly  square- 
edged,  and  true  to  the  sizes  stated  in  the  annexed  esti- 
mate of  timber;  and  to  be  framed  and  braced  in  the 
most  substantial  and  workmanlike  manner.  Every 
shoulder  and  joint  is  to  fit  and  bear  with  the  utmost  pre- 
cision, and  to  be  united  by  white  oak  trenails  of  the 
specified  size  and  section.  The  timbers  are  to  be  placed 
in  the  positions  represented  on  the  plans  with  the 
utmost  accuracy,  to  the  satisfaction  of  the  engineer. 

Painting.  —  The  railing  posts,  cap  pieces,  coping 
planks,  and  the  exteriors  of  outside  stringers,  to  be 
covered  with  two  coats  of  oil  and  white  lead. 

The  delivery  and  acceptance  of  all  the  materials  used 
for  the  said  bridge  to  be  under  the  inspection  of  the  said 
engineer,  and  to  be  executed  to  his  satisfaction.  The 
plans  to  be  subject  to  such  slight  alterations  as  he  may 
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Estimate  of  Timber  for  one  Span  of  29  feet  in  clear  between 

Bents.— See  Plate  68. 


No.  of 
pieces. 


1 
1 

7 
4 


7 
14 
15 

2 
60 

2 


28 
42 
28 
30 


Names. 


Kind  of 
timber. 


For  one  Bent, 

SiU 

Cap  piece     .... 

Posts 

Braces  for  ditto    .     . 


Superstructure, 

Stringers 

Braces  for  ditto  .  .  , 
Railing  posts  .  .  .  , 
caps  .  .  .  . 
Flooring  plank .  .  .  . 
Coping 


White  oak 

square,  1 
White  oak 

square,  1 
White  oak 

square,  1 
White    oak 

square,  1 


trenails,  8 
diam.,  and 

trenails,  8 
diam.,  and 

trenails,  8 
diam.,  and 
trenails,  8 
diam.,  and 


inches 
14  long 

inches 
12  long 

inches 
7  long 

inches 
6  long 


White  pine 


Length 
in  feet. 


27 


13 
25 


30 
16i 

4i 
30 
12 
30 


Size  in 
inches. 


14  X  14 
12  X  12 

3x8 


7x14 
7x  10 
6x6 

2i  X  12 
2^x9 


Amount  in 

feet,  board 

measure. 


441 

324 

1092 

200 


2057 


1715 
1347^ 
213i 
180 
1800 
112i 


5368f 


Estimate  of  Iron, 
4  straps  of  2|  x  |  inch  thick  wrought  iron,  7  feet  long,  pierced  with 
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Estimate  of  Cost  for  one  Span,  inclusive  of  Foundations  far  Bent. 

224  lineal  feet  of  white  oak  pile  timber,  14  inches  square, 

J»      6-72 

78-40 

35-76 

152-40 


@  3  cents  ^  foot     ...... 

Driving  ditto,  @  35  cents  ^  lineal  foot     . 

298  lbs.  of  wrought  iron  @  12  cents  y*  ft. 

30  lineal  feet  of  superstructure,  @  -j8^5*08  ^  foot 

2057  feet,  board  measure,  white  pine  timber  in  one  bent 

at^lSOO^M.  B.  M 

Workmanship  for  ditto,  at  S  3000  ^  M.  B.  M. 


30-86 
61-71 


^365-85 


Note, — The  above  estimate  is  founded  on  the  prices  contracted  for, 
and  shows  the  actual  cost  for  1  span. 


JOINERY. 

Plate  69  represents  the  various  joinery  used  in 
framing  the  bridges.  The  timbers  and  proportions 
given  in  this  Plate  for  the  joinery  of  the  truss  bridges 
are  made  out  for  the  84  feet  span ;  but  they  are  of  the 
same  character  in  all  the  trusses,  the  proportions  being 
slightly  altered  to  suit  the  increased  or  diminished  section 
of  timbers.  The  joinery  for  the  trestle  bridges  is  for 
both  valley  crossings. 

Fig.  1  represents  the  extremity  of  a  stringer,  notched 
to  receive  the  main  abutting  braces  and  the  arch  pieces. 
The  notches  are  cut  to  a  depth  of  3  inches,  at  right 
angles  to  the  inclination  of  the  braces.  The  ends  of  the 
braces  and  arch  pieces  are  then  cut  so  as  accurately 
to  fill  the  notches;  and  being  placed  in  position,  the 
iron  bands  of  2f  by  f  inch  wrought  iron  (represented  in 
fig.  2)  are  driven  over  them,  and  they  are  further  secured 
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in  position  by  inserting  bolting  blocks  between  them 
and  their  opposites,  and  firmly  bolting  through. 

Fig.  3  represents  the  vertical  posts  of  the  bridge  truss, 
with  a  diagonal  brace  inserted  between  them.  The  posts 
have  a  double  notch  cut  at  either  extremity  upon  op- 
posite sides,  to  a  depth  of  3  inches  at  right  angles  to 
their  longitudinal  axis.  The  notches  are  cut  at  such 
distances  from  the  ends  of  the  posts  that  they  shall  be 
covered  by  the  main  abutting  pieces  and  stringers ;  thus 
preventing  them  from  falling  out  sideways,  as  they 
retain  their  places  by  virtue  of  their  position  alone. 

Fig.  4  represents  the  coping  plank  for  the  bridge 
trusses.  It  is  bevelled  as  shown  in  fig.  4,  and  is  grooved 
upon  its  under  side.  The  siding  boards  that  case  the 
truss  are  nailed  on,  flush  with  the  outside  of  coping 
plank ;  between  them  and  the  truss  frames  fuming 
pieces  1  inch  thick  are  interposed,  over  which  space  the 
groove  is  made,  to  further  insure  the  exclusion  of  water 
from  the  truss  frame. 

Fig.  5  represents  the  joinery  of  the  gallows  frames. 
A  pair  of  opposite  posts  (one  in  each  truss  frame)  are 
run  up  to  a  sufficient  height,  and  a  tenon  4  by  5  inches  is 
framed  upon  their  tops.  A  gallows  frame  cap,  with  its 
extremities  mortised  and  notched  2  inches  over  the  posts. 
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to  which  it  is  fastened  by  a  screw  bolt.  The  gallows 
frame  brace  is  notched  2  inches  on  one  extremity  at 
right  angles  to  its  inclination,  and  is  fitted  accurately  to 
the  step  cut  in  the  cap  to  receive  it.  The  tenon  of  the 
brace  is  secured  bv  a  trenail. 

Fig.  6  represents  the  framing  of  the  floor  timbers :  a 
notch  1  inch  deep  and  15  inches  long,  or  of  equal  length 
with  the  thickness  of  the  truss  frame,  is  made  upon  its 
under  side,  and  the  floor  timber  is  simply  laid  over  the 
stringers  without  any  fastening. 

Fig.  7  represents  the  joinery  of  the  long  floor  timbers 
and  floor  timber  braces.  The  floor  timber  is  notched 
1  inch  over  the  stringer,  and  being  produced  to  a  suf- 
ficient length,  a  step  and  mortise,  as  shown  in  fig.  7,  are 
made  at  a  distance  of  6  inches  from  the  end.  From  the 
extremity  of  the  floor  timber,  a  brace  is  inclined  against 
the  truss,  to  assist  in  preserving  it  in  a  vertical  position. 
The  brace,  at  one  extremity,  is  tenoned,  and  fitted  with 
a  notch  2  inches  deep  at  right  angles  to  its  longitudinal 
axis.  The  notch  and  tenon  fit  accurately  into  the  step 
and  mortise  of  the  floor  timber,  where  they  are  secured 
by  trenails.  The  other  end  of  the  floor  timber  brace  is 
notched  so  as  to  embrace  the  main  abutting  piece  of  the 
truss  frame,  to  which  it  is  fastened  by  screw  bolts  or  spikes. 

Fig.  8  represents  in  detail  the  railing  arrangement  for 
a  trestle  bridge.  The  railing  post,  at  its  lower  end,  is 
notched  out  half  its  width  for  a  length  of  9  inches ;  it  is 
then  placed  upon  the  stringer,  and  its  descending  part  is 
firmly  spiked  against  the  side.  A  coping  plank,  with 
notches  (\  inches  square,  to  embrace  the  posts,  is  then 
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spiked  upon  the  top  of  the  stringer.  Its  inner  edge  is 
placed  flush  with  the  inner  face  of  the  posts,  and  its 
outside  edge  projects  2  inches  beyond  their  outside  faces. 
The  tops  of  the  posts  are  formed  into  a  tenon  which  fits 
into  a  corresponding  mortise  in  the  cap,  and  is  firmly 
held  there  by  trenails. 

Fig.  9  represents  the  mortise  and  tenon  joint  that 
unites  the  vertical  posts,  caps,  and  sill  pieces,  in.  the 
trestle  portion  of  the  abutment  shown  in  Plate  65.  The 
mortise  and  tenon  joint,  here  represented,  is  always  the 
same  in  character;  the  size  of  the  tenon  being  only 
varied  to  suit  the  section  of  timber  that  contains  it ;  it 
is  4  X  5  X  12  inches.  The  cap  is  notched  down  upon 
the  post  1  inch,  and  is  mortised  of  the  exact  size  of  the 
tenon,  which  is  then  fastened  with  2  trenails. 

Fig.  10  represents  the  joinery  of  the  cross  ties  used  in 
the  same  trestle  (Plate  65).  They  are  dovetailed  4 
inches  of  their  depth  into  the  caps  and  sill  pieces  of 
the  vertical  frames ;  the  dovetails  are  8  inches  broad  at 
their  narrowest  end:  they  are  tightly  fitted  into  hol- 
lows cut  into  the  caps  and  sill  pieces,  of  their  exact 
size  and  shape,  and  are  firmly  held  by  3  trenails  to 
each  joint. 

RAILWAY  SUPERSTRUCTURE.* 

The  plan  of  superstructure  adopted  on  the  Utica  and 
Syracuse  Railroad  differs  widely  in  its  detail  from  any 

*  This  portion  of  Mr.  Isherwood's  description  of  the  mechanical 
works  on  the  Utica  and  S3nracu8e  Raikoad  is  so  closely  connected  with 
the  subjects  detailed  in  the  preceding  pages,  that  it  has  been  deemed 
expedient  to  insert  it  in  this  Supplement. — J.  W. 
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before  contrived  in  America.  The  timbers  are  of  greater 
section,  a  larger  amount  of  iron  is  used,  and  greater  care 
was  taken  in  its  adjustment  than  has  been  generally 
practised  on  roads  constructed  with  the  plate  rail. 

PILE    ROAD. 

As  a  considerable  length  of  this  road  passes  through 
a  deep  swamp,  a  foundation  of  great  permanency  was 
required :  this  gave  rise  to  a  modification  of  the  super- 
structure, and  formed  that  which  is  known  as  pile  road. 
The  swamp  varied  in  depth  from  10  feet  to  60  feet,  and 
was  nearly  on  a  dead  level  throughout ;  the  grade  line 
closely  corresponded  with  its  surface,  so  that  it  was 
necessary  to  reach  the  hard  bottom  before  any  foun- 
dation could  be  effected.  Piles  were  adopted  as  the 
cheapest  and  most  efficacious  means  to  secure  a  durable 
and  substantial  basis;  they  were  driven  to  their  places 
by  a  steam  pile  driver  (Cram's  Patent).*  This  was 
a  machine  formed  of  a  platform  about  25  feet  long 
and  8  feet  broad ;  at  one  end  was  erected  two  pair  of 
leaders  or  guides,  in  which  the  hammers  moved.  Im- 
mediately behind  tlie  leaders  were  fixed  the  rollers,  with 
the  necessary  brakes  and  gearing  for  working  the  ham- 
mers, raising  the  piles,  &c.  The  rollers  were  revolved  by 
a  small  high-pressure  steam  engine,  occupying  the  rear 
of  the  machine.  The  arrangement  of  the  leaders  was  the 
same  as  in  ordinary  piling  machines ;  a  curved  piece  of 
wood  forced  open  the  shears  wlien  the  hammers  reached 

*  I  have  added  to  the  work  the  engraved  Plate  of  a  pile-driving  steam 
engine,  which,  although  it  shows  its  operation  for  driving  piles  for  a  rail- 
way, is  equally  appHcahlc  to  pile-driving  in  hridge  constructions. — ^J.  W. 
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their  elevation.  The  hammers  were  confined  to  the 
leaders  by  a  groove ;  they  weighed  about  1000  lbs.  each, 
were  made  of  cast  iron,  and  at  their  last* blow  fell 
through  a  space  of  27  feet.  A  pair  of  piles  were  driven 
at  one  operation  by  this  machine;  when  driven,  cast 
iron  rollers  were  placed  upon  their  heads,  and  the 
machine,  by  means  of  an  inverted  rail,  moved  on  to 
the  next  place.  The  keads  of  the  piles,  sawed  off  to 
reduce  them  to  the  proper  level,  were  found  sufficient  to 
supply  the  furnace  with  fuel. 

The  men  employed  in  operating  the  machine  were  a 
foreman,  a  steam  engineer,  two  brakemen,  and  two  men 
in  front  at  the  saws;  also  a  horse  and  cart  to  furnish 
water  for  the  boiler.  Properly  geared  in  front  of  the 
machine,  and  between  the  leaders,  was  a  saw  that  played 
on  a  sway  bar  and  could  be  pressed  against  either  pile  as 
it  was  driven  home.  The  machine  was  manufactured 
complete  for  the  cost  of  <8^2000.  The  pile  was  pre- 
pared for  being  driven  by  simply  sharpening  one  end  to 
a  point,  and  squarely  butting  the  other;  it  was  drawn 
up  by  ropes  worked  by  the  engine,  secured  in  position 
between  tlie  leaders,  and  driven  to  tlie  hard  bottom. 
Generally  the  piles  manifested  no  disposition  to  split; 
where  they  did,  their  heads  were  encompassed  with  an 
iron  hoop.  When  the  pile  was  not  of  sufficient  length 
to  reach  the  hard  bottom,  another  was  dowelled  upon  its 
head,  and  this  was  repeated  as  often  as  necessary.  The 
piles  were  charred  to  increase  their  durability,  and  an 
auger  hole,  bored  in  their  heads  for  the  purpose,  was 
filled   with   salt,   and  securely  plugged  up.     The  piles 
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were  driven  4'98  feet  from  centre  to  centre  transversely, 
and  5  feet  from  centre  to  centre  longitudinally.     When 
the  piles  were  driven  to  the  satisfaction  of  the  engineer, 
the  superstructure  was  framed  upon  them  as  follows :  (see 
Plates  70  and  70*).     A  cedar  cross  tie,  4  by  12  inches  in 
section  and  8  feet  in  length,  was  securely  fastened  upon 
the  heads  of  each  pair  of  piles  by  a  white  oak  trenail, 
2  inches  in  diameter,  16  inches  in  length,  and  octagonal 
in  section.     At  right  angles  to,  and  upon  the  cross  ties, 
were  laid  the  white  pine  longitudinal  rails :  they  were 
fastened  to  the  cross  ties  by  cast  iron  knees,  spiked  against 
both  sides  of  the  rail,  and  down  upon  the  cross  ties ;  two 
knees  at  each  intersection  of  tie  and  rail.   When  the  rails 
joined  a  knee  of  larger  size  was  used.     The  joining  of  the 
rails  was  eflfected  by  simply  bringing  their  square  ends 
into  close  contact.    The  single  knee  is  shown  in  Plate  70", 
fig,  3.     The  double  knee  is  shown  in  fig.  4.     The  rails 
were  15,  20,  25,  and  30  feet  in  length,  8  by  8  inches  in 
section  :  at  each  end  of  the  rail  an  auger  hole  was  bored, 
filled  with  salt,  and  plugged  up,  to  prevent  the  prema- 
ture decay  that  naturally  takes  place  at  the  joints.     Upon 
the  tops  of  the  rails,  and  precisely  over  their  centres, 
were  placed  white  oak  ribbons,  3  by  Ij  inch  in  section; 
upon  them,  with  their  inner  edges  lying  in  the  same 
vertical  plane,  was  placed  the  iron  plates,  2^  by  f  inch 
in  section :  both  ribbon  and  iron  plate  were  then  firmly 
spiked  to  the  rail.     The  iron  plates  were  separated  by  a 
distance  of  4*73  feet  between  them,  being  the  width  of 
the  track  in  the  clear.     The  iron  plate  was  properly  laid 
with  end  plates,  and  all  the  details  and  fixtures  were  as 
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Specifications  of  the  Materials  and  of  the  manner  of  constructing 
the  Pile  Road  for  the  Utica  and  Syracuse  Railroad. 

PILES. 

The  piles  are  to  be  of  perfectly  sound  white,  yellow, 
or  pitch  pine,  white  elm,  cedar,  black  ash,  tamarack,  or 
hemlock  timber. 

They  are  to  be  straight,  and  no  piles  having  marks  of 
decay  will  be  accepted. 

The  piles  are  to  measure  at  the  butt,  or  larger  end,  not 
less  than  12  nor  more  then  17  inches  in  diameter, 
exclusive  of  bark,  and  to  be  of  the  length  specified  in 
the  requisitions  for  the  same. 

The  piles  are  to  be  delivered  along  the  line  of  the 
road  at  such  stations  as  the  requisitions  shall  designate, 
so  as  to  be  conveniently  used  by  the  piling  machine: 
they  are  to  be  driven  into  the  hard  bottom,  to  the 
satisfaction  of  the  engineer,  by  *a  hammer  weighing 
1000  lbs.,  and  falling  through  27  feet  at  the  last  blow. 
The  piles  are  to  be  driven  perpendicularly,  4*98  feet 
from  centre  to  centre  transversely,  and  5  feet  from 
centre  to  centre  longitudinally :  they  must  be  sawed 
or  chopped  off  squarely  at  the  butt,  well  sharpened  to 
a  point  at  the  smaller  end,  and  if  there  should  appear 
to  be  any  danger  of  splitting,  the  heads  are  to  be  bound 
with  iron  hoops. 

In  such  cases  where  the  pile  shall  not  be  of  sufficient 
length  to  reach  the  hard  bottom,  it  shall  be  sawed  off 
square,  and  a  hole  2  inches  in  diameter  and  12  inches 
deep  shall  be  bored  into  its  head :  into  this  hole  a  white 
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oak  trenail,  2  inches  in  diameter  and  23  inches  in  length, 
shall  be  driven ;  and  another  pile,  similarly  bored,  shall 
be  placed  upon  it,  brought  to  its  proper  position,  and 
driven  home  to  the  satisfaction  of  the  engineer. 

The  piles  must  be  accurately  driven,  with  regard  to 
position  and  vertical  direction,  and  if  any  pile  shall  be 
found  so  much  out  of  place  that  the  longitudinal  rail 
would  not  cross  it,  it  must  be  sawed  off,  and  another 
driven  by  its  side.  Smaller  inaccuracies  may  be  obvi- 
ated, if  so  directed  by  the  engineer,  by  inserting  a  brace 
between  the  pile  and  cross  tie;  and  all  loss  or  waste 
of  material,  so  caused  by  the  carelessness  of  the  con- 
tractor or  his  agents,  shall  be  at  the  expense  of  the 
contractor.  When  driven  to  the  required  depth,  the 
piles  are  to  be  cut  off  on  the  grade  line,  by  circular  saws, 
carefully  adjusted  to  it ;  and  if  any  pile  shall  be  sawed 
off  so  unevenly  as  to  require  extra  labour  to  fit  the 
superstructure  upon  'it,  the  engineer  shall  estimate  the 
expense  of  such  labour,  and  deduct  it  from  the  prices  of 
the  pile  contractor,  unless  said  contractor  also  lays  the 
superstructure. 

CROSS    TIES. SEE    PLATE    JO. 

The  cross  ties  are  to  be  square-edged  sawed  planks,  12 
inches  by  4  inches  in  section,  and  8  feet  long,  sawed  off 
square  at  the  ends,  and  clear  of  stub-shot.  They  are  to 
be  of  white  cedar  timber,  perfectly  free  from  wane,  sap, 
large  or  loose  knots,  and  other  imperfections.  There 
will  be  one  over  each  pair  of  piles.  The  centre  of  the 
tie  is  to  be  on  a  line  with  the  centre  of  the  track.      The 
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ties  are  to  be  neatly  fitted  upon  the  piles,  and  an  auger 
hole,  If  inch  in  diameter,  is  to  be  bored  through  the 
tie,  and  12  inches  deep  into  the  head  of  the  pile :  into 
this  hole  a  white  oak  pin,  16  inches  long,  2  inches  in 
diameter,  and  octagonal  in  section,  is  to  be  driven. 
When  it  is  driven  within  3  inches  of  the  hole,  its  head 
must  be  split,  and  a  wedge  inserted,  when  it  shall  be 
driven  home. 

The  pins  must  be  split  from  straight-grained,  well- 
seasoned  white  oak  timber,  and  wrought  with  a  plane  to 
the  specified  size  and  shape. 

RAILS. — SEE    PLATE    ^0°. 

The  rails  are  to  be  sawed  on  four  sides,  true  and  even, 
so  as  to  be  in  section  precisely  8  inches  square,  and  in 
lengths  of  15,  20,  25,  and  30  feet,  exclusive  of  stub-shot: 
one-half  of  the  rails  is  to  be  20  feet  long  or  over. 

The  rail  timber  is  to  consist  of  perfectly  sound,  square- 
edged  white  and  yellow  pine,  free  from  wane,  shakes, 
sap,  and  black  or  loose  knots.  The  timber  is  to  be 
inspected,  on  or  after  delivery,  by  the  engineer,  who 
shall  have  full  power  to  reject  every  stick  that  is  in  his 
opinion  unfit  for  use,  or  contrary  to  this  specification. 
The  rails  are  to  be  laid  longitudinally  on  the  cross  ties, 
and  directly  over  the  centre  of  the  piles  beneath :  they 
shall  be  separated  by  a  distance  of  4*65  feet  between 
them.  At  each  intersection  of  the  rail  and  cross  tie  two 
cast  iron  knees  shall  be  spiked  in  the  angles,  so  as  firmly 
to  secure  the  rail  upon  the  cross  tie.  The  rails  shall  be 
laid  so  as  to  break  joints  along  the  length  of  the  road. 
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The  joining  of  tlie  rails  shall  he  effected  by  simply 
bringing  their  square  cads  in  contact,  aud  holdmg  them 
in  position  by  a  double  knee,  of  lai^er  dimensions  than 
the  intermediate  ones. 

Near  the  ends  of  each  rail  auger  lioles  Bhall  be  bored, 
filled  with  salt,  and  securely  plugged  up. 

OAK    RIBBON    AND    IRON    PLATE. 

Directly  over  the  centre  of  the  rails  shall  be  laid  white 
oak  ribbons,  3  inches  by  ly  inch  in  section,  aad  of 
lengths  varj'ing  from  15  to  30  feet :  at  least  one-half  is 
to  be  20  feet  or  over  in  length.  They  sliall  be  so  laid 
as  to  break  joints  with  the  rails  beneath  them.  They 
shall  be  sawed  on  four  sides,  so  as  to  be  precisely  of  the 
above-mentioned  section.  They  must  be  of  the  first 
quality  white  oak  timber,  free  from  sap,  shakes,  and 
loose  or  black  knots.  They  shall  be  laid  by  merely 
hriuginsT  their  square  ends  in  close  contact. 

The  iron  plate  shall  be  2-^-  inches  by  ^  inch  in  section, 
and  in  lengths  of  \5  feet,  weighing  30  tons  to  tli<;  mile. 
Thev  shall  be  laid  with  their  inner  edges  corresponding 
with  the  inner  edges  nf  the  ribbons,  so  as  to  make  a 
(llstiuice  of  4-73  feet  (the  width  of  the  track)  between 
tlii^ui.  In  laying  them  eare  sliall  bo  taken  that  no  joint 
of  tlie  iron  plate  shall  be  within  5  feet  of  tlie  joints  of 
the  rails  or  oiik  riblions  beneath. 

Tlie  iron  plates  inteiuh'd  for  the  curved  portion:*  of 
the  road  must  he  bout  by  some  etf'ectual  process,  to  suit 
the  curves,  before  l>eiiig  laid.  At  each  joint  of  the  iron 
plati',    end    plates    shall    be    neatly   fitted    into   the    oak 
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ribbons,  so  as  to  bring  their  upper  surfaces  in  the  same 
horizontal  plane. 

The  end  plates  shall  be  of  wrought  iron,  6  inches 
long,  2^  inches  broad,  and  ^  inch  thick,  fitted  with  a 
hole  in  each  end,  corresponding  with  holes  in  the  ends 
of  tha  iron  plates.  A  space  of  ^  inch  shall  be  allowed 
for  the  variation  of  metal,  in  laying  the  iron  plates. 

When  the  iron  plates,  end  plates,  and  oak  ribbons  are 
carefully  adjusted,  they  shall  be  firmly  fastened  down 
together  upon  the  rails,  with  pressed  spikes,  6  inches 
long  and  f  inch  square,  one  in  every  18  inches. 

KNEES. — SEE    PLATE    70". 

The  knees  are  to  be  single  and  double,  made  of  cast 
iron.  A  double  knee  is  to  be  placed  at  each  joint  of  the 
rails.  The  single  knee  shall  weigh  1^  lb.,  and  be 
fastened  to  the  rail  and  cross  tie  by  one  spike  driven  into 
each.  The  double  knee  shall  weigh  1  H)  ft->  and  be 
fastened  to  the  cross  ties,  and  to  the  rails  at  their  joints, 
by  one  spike  in  each  rail,  and  by  two  spikes  in  the  cross 
tie.  The  knee  is  to  be  placed  upon  both  sides  of  the 
rail,  two  for  each  intersection  of  rail  and  cross  tie.  The 
spikes  used  in  fastening  to  be  pressed,  5  inches  long  and 
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Estimate  of  Cost  for  one  mile  of  Superstructure  for  Pile  Road, 
founded  on  the  average  of  prices  for  which  it  was  executed. 


1 
Amount. 

Price. 

« 

cts. 

5G320 

Feet,  board  measure,  white  and  yellow  pine 

rails,  delivered  at 

*1412^M.  B.M. 

795 

24 

1    1056 

White  cedar  cross  ties,  delivered  at   .     . 

41  cents  each 

432 

96 

3300 

Feet,  board  measure,  white  oak  ribbons. 

delivered  at 

.S^  25  ^  M.  B.  M. 

'S'  75  -^  ton 

8^ 
2250 

50 

30 

Tons  of  iron  plates,  delivered  at    .     .     . 

720 

tbs.  of  end  plates,  deliveretl  at  ...     . 

9  cents  each 

64 

80 

6758 

lbs.  of  cast  iron  knees,  delivered  at    .     . 

b\  cents  y-  lb. 

371 

69 

1500 

lbs.   of  pressed  sfpik^s,  to  fasten  on  rail 

plates,  delivered  at 

9 

135 

1089 

lbs.  of  pressed  spikes,  to  fasten  knees  to 

1 

rails  and  cross  ties,  delivered  at     .     . 

9 

98 

01 

2112 

White  oak  trenails,  to  fasten  cross  tics  to 

piles,  delivered  at 

1  cent  each 

21 

12 

Salting  and  charring  piles 

50 

Workmanship,  putting    timber  together, 

and  spiking  on  iron  plate      .... 

350 

! 

Add  for  contingencies 

Total  cost  for  one  mile  of  superstructure 

50 

1 

f 

4701 

32 

1 

Average  cost   of  piling  timber,   and  for 

48 

driving  the  same  per  mile     .... 
Grand  total  per  mile 

1864 

6565 

8o; 

The  total  distance  piled  was  19^^  miles,  and  consumed  an  aggregate 
amount  of  800,000  lineal  feet  of  pile  timber,  at  an  average  cost  of  2^ 
cents  per  foot. 


GRADED    ROAD. 


The  Utica  and  Syracuse  Railroad,  for  the  remaining 
distance  of  33  ^^/o  miles,  was  graded  in  the  usual  manner 
by  excavations  and  embankments ;  and  being  brought  to 
the  grade  line  throughout,  a  superstructure  of  the  fol- 
lowing description  was  laid  upon  it.  A  trench  was 
excavated  of  the  proper  size,  and  a  sill  was  firmly 
bedded  in  it.  Wliere  the  sills  abutted  end  to  end,  they 
were  supported  by  a  piece  of  wood  of  the  same  section 
laid  beneath  them.  At  right  angles  to,  and  upon  the 
upper  surfaces  of  the  sills,  were  spiked  the  cross  ties ; 


UTICA  AND  SYRACUSE  RAILROAD.         kv 

and  again,  at  right  angles  to  the  cross  ties,  and  immedi- 
ately over  the  sills,  were  laid  the  longitudinal  rails. 
The  centre  of  the  rail  and  sill  are  in  the  same  vertical 
plane.  Upon  the  longitudinal  rails  oak  ribbons  and  the 
iron  plates  are  firmly  spiked.  The  rails  are  fastened  to 
the  cross  ties  by  cast  iron  knees,  and  the  detail  in  all 
respects  is  the  same  as  described  for  the  superstructure 
of  the  pile  road. 

This  plan  of  superstructure  is  represented  isometrically 
in  Plate  70*,  and  by  a  geometrical  cross  section  in  Plate 
70-. 

The  average  price  per  cubic  yard  for  earth  excavation 
was  lli^  cents. 

The  average  price  per  cubic  yard  for  embankment  was 
lli^  cents. 

^edfications  of  the  Materials  and  manner  of  constructing  the 
Superstructure  for  the  Graded  portion  of  the  Utica  and 
Syracuse  Railroad. 

SILLS. 

The  timber  for  the  sills  is  to  consist  of  sound  white 
pine  or  hemlock  timber,  free  from  wane,  shakes,  sap, 
and  large  or  loose  knots,  sawed  on  four  or  two  sides. 
If  sawed  on  two  sides,  it  must  make  a  stick  4  inches 
thick,  and  the  sawed  surfaces  must  be  wide  enough  to 
measure  6  inches  on  each  side  of  a  line  drawn  over  their 
centres.  If  sawed  on  four  sides,  it  must  make  a  stick 
precisely  4  inches  thick  and  12  inches  broad.  Said  sill 
timber  is  to  be  delivered  in  lengths  of  15,  20,  25,  and  30 
feet,  and  at  least  one-half  is  to  be  20  feet  long  or  over. 
A  trench  is  to  be  excavated  of  the  proper  size,  into 
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which  the  sills  are  to  be  firmly  bedded :  their  upper  sur- 
faces must  correspond  exactly  with  the  grade  line.     The 
sills  shall  be  supported  at  their  joinings  by  a  block  of 
pine  wood,  4  inches  thick,  12  inches  broad,  and  2  feet 
in  length,  placed  under  their  ends. 

The  sills  are  to  be  placed  at  a  distance  of  4*98  feet 
from  centre  to  centre. 

CROSS   TIBS. 

The  cross  ties  are  to  be  square-edged  sawed  planks,  8 
by  4  inches  in  section,  and  8  feet  in  length,  They  are 
to  be  of  white  cedar  timber,  perfectly  free  from  wane, 
sap,  large  or  loose  knots,  and  all  other  imperfections. 
They  are  to  be  placed  5  feet  from  centre  to  centre  on  the 
centre  line  of  the  track.  The  cross  ties  shall  be  truly  at 
right  angles  to  the  direction  of  the  track,  and  shall  be 
firmly  spiked  upon  the  sills  by  pressed  spikes,  6  inches 
long  and  f  inch  square.  The  centre  of  the  cross  ties 
shall  correspond  with  the  centre  of  the  track. 

RAILS,    OAK    RIBBON,    AND    IRON    PLATE. 

The  rails,  oak  ribbons,  and  iron  plate  shall  be  pre- 
cisely the  same  in  kind  and  quality  of  materials,  and  the 
workmanship  shall  be  of  the  same  degree  of  excellence 
as  specified  for  the  superstructure  of  the  pile  road.  All 
the  details  and  finishing  shall  be  precisely  as  stated  in 
the  specifications  for  the  pile  road  superstructure. 
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Estimate  of  Cost  for  one  mile  of  Superstructure  for  the  Graded 
Roady  founded  on  the  average  of  prices  for  which  it  was 
executed. 


Amount. 


Price. 


56320 

42240 

1056 
3300 

30 

720 

6758 

1500 

421 

1089 


Feet,  board  measure,  white  and  yellow  pine 
rails,  delivered  at 

Feet,  board  measure,  white  pine  or  hem- 
lock sills,  delivered  at 

White  cedar  cross  ties,  delivered  at   .    . 

Feet,  board  measure,  white  oak  ribbons, 
delivered  at 

Tons  of  iron  plates,  delivered  at   .     .     . 

tbs.  of  end  plates,  delivered  at ...    . 

fts.  of  cast  iron  knees,  delivered  at    .     . 

tbs.  of  pressed  spikes,  to  fasten  on  rail 
plates,  delivered  at 

tbs.  of  pressed  spikes,  to  futen  cross  ties 
to  siUs,  delivered  at 

tbs.  of  pressed  spikes,  to  fasten  knees  to 
rails  and  cross  ties,  delivered  at     .    . 

Workmanship,  laying  timber,  and  spiking 
on  iron 

Add  for  contingencies 

Total  cost  for  one  mile     .... 


-«'1412ipM.B.M. 

%  7-92 
31  cents  each 

^25ipM.B.M. 

'8'  75  ^  ton 

9  cents  each 

5i  cents  i^  tb. 


9 
9 


« 

cto. 

795 

24 

334 
327 

54 
36 

82 

2250 

64 

371 

50 

80 
69 

135 

37 

89 

98 

01 

400 
100 

4997 

03 

CROSSING   PLATES. 


Plates  70*"  and  70**  represent  two  modifications  of 
crossing  plates. 

Fig.  1  shows  one  that  diverges  in  the  ratio  of  1  in  7. 

Fig.  4  shows  one  that  diverges  in  the  ratio  of  1  in  4. 

They  diverge  in  various  ratios,  from  1  in  4  to  1  in  20, 
according  as  the  rails  cross  each  other  at  a  greater  or 
less  angle  :  the  general  arrangement  is  the  same  in  all : 
of  course  their  lengths  increase  or  decrease  in  an  inverse 
ratio  to  the  rate  at  which  they  diverge.  The  condition 
that  governs  their  length  is  this,  that  they  shall 
measure  3  inches  across  the  tongue  at  one  end,  and  3 
inches  across  the  opening  at  the  other. 

These  crossing  plates  are  placed  at  every  intersection 
of  the  rails,  caused  by  one  track  crossing  another  ob- 
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liquely,  or  by  one  track,  as  in  a  branch,  diverging  from 
another. 

They  are  made  of  cast  iron,  and  are  firmly  spiked  to 
a  heavy  sill  of  wood. 

At  the  place  where  the  greatest  wear  occurs,  from  the 
friction  of  wheels  passing  over  it,  steel  plates  are  let  into 
the  iron,  and,  by  their  greater  hardness,  effectually  resist 
the  increased  strain. 

Fig.  1  shows  a  horizontal  projection  of  a  crossing 
plate  that  diverges  1  in  7. 

Fig.  2  shows  a  side  view  of  the  same. 

Fig.  3  shows  an  isometrical  projection  of  the  same. 

Fig.  4  shows  a  horizontal  projection  of  a  crossing  plate 
that  diverges  1  in  4. 

Fig.  5  shows  a  side  view  of  the  same. 

Fig.  6  shows  a  horizontal  projection  of  the  same. 


Breme*  PUte 


BRANCH    PLATES. SEE    PLATE    70*« 

The  first  four  figures  of  Plate  70*  represent  a  branch 
plate  or  switch.  A  pair  of  these  branch  plates  are 
placed  wherever  one  track  diverges  from  another,  so 
that  by  simply  shifting  the  slide,  a  train  may  be  passed 
upon  either  track. 

Their  length  is  of  course  regulated  by  the  degree  of 
curvature  with  which  one  track  sweeps  from  another : 
the  condition  that  governs  this  is,  that  the  space  between 
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the  iron  plates  at  their  termination  shall  measure  2^ 
inches. 

One  end  of  the  branch  plate  revolves  on  a  pivot,  and 
the  other  is  moved  by  a  wrought  iron  bar,  worked  by  a 
lever,  placed  at  a  convenient  distance :  this  iron  bar  is 
notched  to  admit  the  branch  plates  (the  pair  being 
moved  together).  The  plates  at  each  end  of  the  slide 
make  a  proper  finish,  and  secure  its  more  perfect  action  : 
they  have  a  jog  at  one  end  to  receive  the  iron  plate  of 
the  superstructure  which  is  spiked  firmly  upon  them. 

The  end  plates  are  well  spiked  to  a  heavy  wooden  sill. 

Sliding  pieces  are  neatly  let  into  this  sill,  and  are 
kept  well  oiled,  to  facilitate  the  action  of  the  slide. 

The  slide,  end  plates,  and  sliding  pieces  are  of  cast  iron. 

CULVERTS. 

The  last  four  figures  of  Plate  70^  represent  a  culvert 
of  4  feet  chord.  The  subjoined  specification  sufli- 
ciently  explains  the  manner  of  construction  and  the 
quality  of  the  materials.  Fig.  5  is  an  end  view.  Fig. 
6  is  a  longitudinal  section  through  the  centre  of  the  cul- 
vert. Fig.  7  is  a  ground  plan  of  the  wings  and  part  of 
the  trunk.     Fig.  8  is  a  cross  section  of  the  trunk. 

The  culverts  and  viaducts  of  stone  resemble  each 
other  very  closely  in  the  arrangement  of  the  wings  and 
in  the  general  design :  they  were  all  constructed  on 
timber  foundations  and  arched,  except  the  small  square 
drains.  It  was  therefore  deemed  unnecessary  to  present 
more  than  two ;  one  of  the  larger  and  one  of  tlie  smaller 
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The  specifications  of  materials  and  coastructiuu  were 
the  same  for  all. 


SPECIFICATIONS. 

Foundations. — A  pit  shall  be  excavated,  of  suitable 
width  and  length,  to  the  firm  gravel.  If  this  should 
occur  at  too  great  a  depth  helow  the  bed  of  tlie  creek, 
the  pit  sliall  be  refilled  with  gravel,  well  puddled  to  a 
proper  level.  Upon  this  shall  be  laid  a  double  course  of 
timber,  disposed  at  right  angles  to  each  other :  the 
courses  shall  be  of  the  thickness  directed  by  the  engineer, 
not  to  1)6  less  than  4  inches,  nor  to  exceed  8  inches. 
The  timber  to  be  of  first  quality  pine,  or  hemlock,  free 
from  any  symptoms  of  decay. 

In  culverts  over  4  feet  chord  the  courses  that  compose 
the  foundations  for  the  wings  shall  be  pinned  or  spiked 
together.  The  top  of  the  planking  shall  be  placed  one 
foot  beneath  the  bed  of  the  stream,  and  shall  be  carefully 
puddled  over  between  the  abutments  with  1  foot  thick 
of  clean  gravel,  to  preserve  the  timber  from  rottinsj, 
when  occaiiionally  exposed  to  the  action  of  the  air. 

Abutments. — -The  abutments  shall  be  carried  uj> 
plumb,  on  front  and  rear  from  the  foundations  to  the 
springing  line  of  the  roofing  arch  :  they  shall  not  be  less 
tlian  2  feet  thick,  and  2  feet  high  between  the  founda- 
tions and  the  springing  line  of  Hie  roofing  arch,  for  cul- 
verts of  4  feet  chord  and  under.  Fur  culverts  over  4 
feet  and  not  greater  than  8  feet  chord,  the  width  of  the 
abutments  sliall  not  be  less  than  ii  feet,  and  their  height 
between  the  foundation  and  springing  line  of  the  u])per 
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arch  shall  not  be  less  than  4  feet.  For  culverts  over  8 
feet  chord  the  abutments  shall  have  a  suitable  increase, 
as  may  be  directed  by  the  engineer. 

The  face  work  shall  be  laid  up  in  regular  courses  of 
hammer-dressed  stone,  and  the  backing  shall  be  com- 
posed of  rough-hammered  masonry,  well  bonded  into 
the  face  work. 

For  all  culverts  of  4  feet  chord  and  under  the  courses 
shall  not  be  less  than  6  inches.  For  all  culverts  over  4 
feet  chord  the  courses  shall  not  be  less  than  8  inches. 

The  ends  of  the  abutments  to  conform  to  the  wings. 

Arches. — The  arches  are  to  be  a  semicircle  in  form. 

For  all  culverts  of  4  feet  chord  and  under  the  arches 
shall  be  1  foot  thick. 

For  all  culverts  over  4  feet  and  not  greater  than  8 
feet  chord,  the  arches  shall  be  ^  foot  thick.  For  cul- 
verts over  8  feet  chord,  and  for  culverts  of  lesser  chord, 
when  placed  beneath  the  pressure  of  heavy  embank- 
ments, the  arches  shall  be  increased  in  thickness,  as  may 
be  directed  by  the  engineer. 

The  thickness  of  the  courses  shall  not  exceed  their 
depth,  and  in  no  case  shall  they  exceed  18  inches.  For 
culverts  of  4  feet  chord  and  under  no  course  shall  be  of 
a  less  thickness  than  6  inches,  measuring  on  its  face. 
For  culverts  over  4  feet  chord  no  course  shall  be  of  less 
thickness  than  8  inches,  measuring  on  its  face.  The 
intrados  of  the  arch  to  be  well  hammered  to  the  proper 
curve.  The  beds  of  the  arch-stones  to  be  well  hammer- 
dressed  in  the  line  of  radii  to  the  curve.     The  extrados 
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of  the  arch  to  be  spoiled  oflf  tolerably  true  and  even  to 
the  line  of  the  curve. 

The  ends  of  the  arches  to  conform  to  the  wings. 

The  arch-stones  to  break  joints  along  the  length  of 
the  culvert. 

The  square  drains  are  to  be  roofed  with  flagging,  9 
inches  thick. 

Spandrel  Backing, — ^The  spandrel  backing  is  to  be 
carried  up  plumb,  1  foot  high  above  the  rear  comer  of 
the  abutment,  for  culverts  of  4  feet  chord  and  under, 
and  2  feet  high  for  culverts  over  4  feet  chord.  From 
thence  it  shall  be  carried  on  a  line  tangent  to  the 
exterior  curve  of  the  arch.  The  backing  to  be  com- 
posed of  rough-hammered  stone,  well  laid  and  bonded. 

Wing  and  Parapet  Walls, — The  wing  and  parapet 
walls  shall  be  constructed  on  a  semicircle,  to  which  the 
ends  of  the  abutments  and  arches  shall  conform.  The 
face  shall  be  carried  up  plumb :  the  rear  shall  be  carried 
up  plumb  to  a  certain  point,  where  a  bevel  extending 
down  from  the  coping  shall  intersect  it.  The  parapet 
walls  shall  have  whatever  elevation  above  the  arch  the 
engineer  may  direct. 

The  wing  walls  shall  terminate  in  a  rectangular  but- 
tress with  a  flat  top,  of  such  dimensions  as  the  engineer 
may  direct.  From  the  inner  side  of  the  buttress  the 
wing  and  parapet  walls  shall  slope  upward  on  whatever 
bevel  the  engineer  may  direct.  The  buttress,  wing,  and 
parapet  walls  shall  be  coped  with  coping  stone,  neatly 
jointed  and  diessed :  for  all  culverts  of  4  feet  chord  and 
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under  the  coping  shall  be  6  inches  thick :  for  all  culverts 
over  4  feet  chord  the  coping  shall  be  9  inches  thick. 

The  coping  shall  have'  a  projection  of  2  inches  over 
the  lace  of  the  walls. 

The  wing  walls  for  culverts  of  4  feet  chord  and  under 
shall  not  be  less  than  2  feet  thick  at  their  foundation ; 
and  for  culverts  over  4  feet  and  not  greater  than  8  feet 
chord  the  wing  walls  at  their  foundation  shall  not  be 
less  than  3  feet  thick ;  and  for  culverts  of  greater  chord 
they  shall  be  suitably  increased,  as  directed  by  the 
engineer. 

Whenever  it  shall  be  necessary  to  construct  the  cul- 
vert askew,  the  curve  of  the  wings  shall  be  modified 
accordingly,  in  a  manner  suited  to  the  directions  of  the 
engineer. 

The  masonry  shall  be  of  the  same  character  as  speci- 
fied for  the  abutments. 

The  stone  for  the  masonry  of  culverts  shall  be  of  a 
sound  and  durable  quality:  the  stretchers  shall  be  in 
breadth  at  least  1^  their  depth,  and  in  no  case  less 
than  1  foot.  The  headers  for  the  culverts  of  4  feet 
chord  and  under  shall  extend  through  the  abutments 
and  wing  walls;  and  for  culverts  of  greater  chord 
they  shall  be  at  least  2J  the  depth  of  the  course  in 
length.  The  beds  shall  be  dressed  back  6  inches  from 
the  face,  and  laid  horizontally  with  a  full  bearing  of 
water-lime  mortar.  The  headers  shall  be  properly  inter- 
spersed to  make  a  firm  and  substantial  bond. 

Plate   70'  represents   a  viaduct   of  14    fe^t  -^ 
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constructed  at  Lodi,  beneath  the  Erie  Canal.  The 
wings  are  arranged  askew  30°.  It  furnishes  the  best 
example  of  the  larger  class  of  culverts  and  viaducts,  the 
others  diflfering  from  it  chiefly  in  the  local  variations. 
The  work  was  executed  with  great  neatness  and  pre- 
cision. The  courses  were  composed  of  large  stone, 
neatly  dressed,  laid,  and  pointed.  The  quality  of  mate- 
rials and  the  style  of  workmanship  in  all  respects  accord 
with  the  foregoing  specifications. 

Fig.  1  represents  the  ground  plan  of  the  wings  and 
part  of  the  trunk,  showing  the  arrangement  of  the 
timber  foundation. 

Fig.  2  is  a  longitudinal  section  through  the  centre  of 
the  viaduct,  and  is  supposed  to  be  viewed  in  right- 
angled  directions  to  the  centre. 

Fig.  3  is  a  cross  section,  taken  at  right  angles  through 
the  trunk. 

Fig.  4  is  an  end  view,  seen  at  right  angles  to  the 
front  line  of  the  wings. 
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The  irregular  character  of  these  descriptions  appears  to  require  some 
explanation.  It  will  be  found  that  in  certain  cases  sufficient  details  and 
particulars  of  construction  have  been  given  to  comprise  rather  a  history 
of  the  works  themselves^  and  the  mode  of  their  execution^  than  a  mere 
description  of  the  Plates.  In  other  cases^  again^  all  that  has  been  pre- 
sented is  a  description  derived  from  the  Plate.  With  respect  to  the 
former  class  of  descriptions^  we  have  great  pleasure  in  acknowledging  the 
valuable  information  furnished  by  the  engineers  of  the  works — information 
which  has  enabled  us  to  execute  with  satisfaction  the  more  perfect  of  the 
descriptions.  At  the  same  time  it  would  be  unjust  to  omit  all  expression 
of  thanks  to  the  engineers  of  those  works  which  we  have  not  had  it  in  our 
power  to  describe  in  detail.  With  almost  a  single  exception,  we  have 
received  repeated  assurances  of  their  readiness  to  afford  every  possible 
information.  The  only  discouraging  circumstance  connected  \\dth  this 
general  good  feeling  has  been  the  delay  which  has  attended  the  per- 
formance of  the  numerous  promises  it  gave  rise  to.  At  length,  so  for- 
midable had  this  delay  become,  and  withal  so  unjust  to  the  whole  body 
of  subscribers,  that,  in  preference  to  any  further  procrastination,  it  was 
thought  expedient  to  compile  into  one  mass  all  the  scattered  information 
which  had  been  received,  and  to  reserve  for  a  future  edition  such  parti- 
culars as  are  necessary  in  certain  cases  to  render  the  descriptions  com- 
plete. 

Whilst  the  full  and  detailed  descriptions  are  comparatively  the  only 
ones  which  will  possess  much  interest  for  the  actually  practising  engineer, 
and  for  the  more  advanced  student,  we  are  yet  anxious  to  urge  upon  the 
more  youthful  members  of  the  profession  the  importance  even  of  the  dry 
descriptions  of  the  Plates,  It  may  be  that  these  descriptions  often  contain 
nothing  more  than  what  an  attentive  study  and  examination  of  the  Plate 


true  study  for  the  engineer  liea  in  the  contemplation  of  thea 
a  kind  of  text,  affording  at  aU  times  that  confidence  in  fut 
which  arises  from  the  fact  that  all  they  contain  has  been  act 
and,  for  the  most  part,  with  perfect  success. 

The  great  variety  of  ingenious  expedients  and  combinatii 
exhibit  in  stone,  wood,  iron,  and  wire,  will  lose  half  their  tbI 
scarcely  any  instruction,  to  him  who  hastily  and  carelessly  I 
them.  On  the  other  hand,  where  a  diligent  and  careful  stac 
they  will  he  found  second  only  in  Talue  and  importance  tc 
informalion  which  is  afforded  by  actual  employment  o 
works. 

If  we  might  ventore  to  ^ve  expression  to  a  single  sei 
imphes  a  somewhat  sweeping  reproach,  we  should  say  that 
profession  generally,  the  valuable  additions  made  to  the  eng 
by  the  pubhcations  of  the  last  few  years  appear  to  have  b 
ciently  appreciated.  Every  profession — law — divinity — a 
has  its  standard  works,  and  amongst  them  all  the  most  Talu 
which  record  facts  and  register  examples.  So  for  the  engii 
useful  study  must  ever  be  the  practical  record  of  existing 
In  a  physical  profession  Uke  his,  in  which  things  and  not  « 
dealt  with — material  elements,  and  not  aerial  hndes  or  ideal 
by  a  knowledge  of  these  combinations  that  he  is  able  to  go  c 
age  increasing  and  improving  his  resources,  and  extending 
bis  operations  over  every  part  of  the  earth. 
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CENTERING  FOR  BALLATER  BRIDGE.  ACROSS  THE  DEE. 

ABERDEENSHIRE. 

Plate  1. 

The  centering  here  shown  is  that  used  for  the  middle  arch  of  Ballater 
Bridge.  This  bridge  occupies  the  place  of  a  former  structure  which  was 
swept  away  by  a  flood  in  1799.  The  present  bridge  was  erected  by  the 
late  Mr.  Telford^  and  opened  for  the  passage  of  carriages  in  the  year  1809. 

The  bridge  is  situate  on  the  Dee^  and  is  distant  40  miles  from  Aberdeen : 
it  has  five  arches^  the  centre  one  being  60  feet  in  span.  The  bridge  is 
of  granite^  and  the  contract  price  was  £,  3300^  but  the  work  is  said  to  have 
entailed  a  heavy  loss  upon  the  contractor. 

As  a  design^  this  centering  presents  no  peculiarity  worthy  of  notice, 
except  that  in  order  to  guard  against  damage  from  ice,  and  to  avoid  ob- 
structing any  floating  object  in  the  river,  which  at  this  place  has  a  very 
rapid  current,  the  main  horizontal  beams  of  the  centering  are  elevated 
6  feet  above  the  springing  of  the  arch.  The  surface  of  the  water  in  this, 
as  in  most  of  Mr.  Telford's  bridges,  nearly  coincides  with  the  level  of 
the  springing,  so  that  the  timber  of  the  centering  thus  disposed  would 
be  out  of  reach  of  the  water. 

The  principal  parts  of  this  centering  are  the  two  main  rafters  extending 
from  the  springings  of  the  arch  to  the  top  of  the  king-post;  the  vertical 
king-post  into^  which  the  two  rafters  are  framed  and  to  which  they  are 
strongly  secured  by  bolts  passing  through  an  iron  plate  with  radiating 
arms ;  and  the  main  tie  beam  secured  to  the  king-post  by  an  iron  strap, 
and  bolted  to  the  rafters  at  the  crossing.  From  the  foot  of  the  king-post 
proceed  two  struts  inclined  to  the  horizon  at  an  angle  of  40^.  These 
struts  are  framed  into  the  curved  timbers  which  support  the  covering 
boards.  Two  additional  struts  are  framed  into  the  rafters  on  each  side 
of  the  arch  between  the  principal  rafter  and  the  springing. 
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At  a  height  of  7  feet  above  the  lower  or  main  tie  beam  is  anothcrtie 
beam  or  collar  beamt  which  extends  across  the  centering,  and  from  At 
points  where  this  beam  crosses  the  king-post  spring  two  short  <Mi 
inclined  at  nearly  the  same  angle  as  the  miun  strata  before  mentiontd. 
From  tlie  extremities  of  the  upper  tie  beam,  two  rafters,  about  26  ht 
in  length,  extend  to  the  upper  course  of  footings  of  the  pier,  when  (k 
projection  of  the  stone-work  affords  them  a  shoulder  to  abut  agaiiut.  1^ 
give  further  stiffness  to  the  framing,  two  longer  rafters,  37  fett  in  len^ 
extend  from  the  extremity  of  the  short  struts  last  described  to  the  mat 
point  of  support  on  the  sides  of  the  pier  as  the  last^mentioned  rafteniot 
upon.     All  the  timbers  are  bolted  to  each  other  at  the  crossings. 

We  have  to  regret  that  the  details  at  our  command  respecting  thii 
centering  are  somewhat  scanty.  In  addition  to  the  elevation  with  whidi 
tlie  Plate  presents  us,  it  would  have  been  advisable  to  have  either  a  crow 
section  of  the  timbers,  or  at  least  to  have  in  figures  the  scantlings  of  tit 
several  timbers.  In  the  absence,  however,  of  this  infoimatiou  it  dut 
be  conjectured  that  the  centering  was  constructed  of  fir  timber,  and  tht 
dimensions  of  the  principal  parts  were  13  inches  in  depth,  as  shown  in  IIk 
Plate,  by  about  7  inches  in  breadth. 

Although  it  might  be  objected  to  this  centering  that  the  timbers  are 
disposed  in  a  very  scientific  fashion,  it  should  be  observed  that  the  wbob 
may  very  conveniently  be  taken  to  pieces  when  it  has  served  its  purpose 
in  one  arch,  and  reconstructed  of  a  smaller  size  without  cutting  much  of 
tiie  material  to  waste.  Tiiis  is  often  of  great  importance  in  the  practice  of 
bridge  building,  and  it  probably  caused  in  the  present  example  the 
employment  of  a  large  quantity  of  timber  of  small  scantling,  and  al!  of 
nearly  the  same  scantling,  in  place  of  a  more  scientific  arrangement,  by 
which  ulterior  views  might  not  have  been  so  well  answered. 


AMERICAN   TIMBER   BRIDGE. 
Plates  2,  3,  and  4. 

These  Plates  exhibit  tlie  construction  of  a  peculiar  kind  of  truss  bridge 
which  was  patented  in  1835  by  Ithiel  Town,  an  American  engineer,  and 
which  has  since  been  extensively  adopted  for  some  very  large  works  in 
that  country. 

The  form  of  this  truss  will  be  seen  from  the  elevations  in  Plate  2,  which 
are  applicable  to  a  double  truss  bridge  on  Mr.  Town's  principle,  there 
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being  a  double  truss  on  each  side  of  the  road-way.  Each  truss  consists  of 
a  series  of  diagonal  or  truss  braces  inclined  at  an  angle  somewhat  steeper 
than  45^^  crossed  by  another  series  inclined  at  the  same  angle  in  an 
opposite  direction^  and  of  a  horizontal  string  piece  on  each  side  at  top  and 
bottom^  the  whole  firmly  secured  by  wooden  trenails  of  hard  wood,  as  shown 
in  Plate  2.  The  height  of  the  truss  is  usually  about  one-tenth  or  one- 
twelfth  the  span  of  the  bridge  or  distance  between  the  piers.  The  plan 
in  Plate  2  shows  the  way  in  which  the  double  trusses  are  put  together  with 
string  pieces  between  them,  and  the  transverse  section  shows  one  end  of  a 
pier  with  the  double  truss  erected  on  it  and  part  of  the  roof  extending 
across  from  one  double  truss  to  the  other. 

There  are  two  very  distinct  methods  of  building  these  bridges,  according 
as  the  road-way  is  placed  at  the  top  of  the  trusses  or  on  the  level  of 
the  lower  string  pieces.  The  first  section  in  Plate  3  shows  the  first  con- 
struction, and  the  second  shows  the  road-way  at  the  bottom  with  the 
whole  height  of  head-room  confined  to  the  depth  of  the  trusses  by  the  beam 
which  rests  on  them  at  the  top.  The  first  construction  is  that  which  will 
commonly  be  advisable  when  the  span  is  not  great,  and  when,  conse- 
quently, it  would  be  unnecessary  to  employ  trusses  of  so  great  a  height 
as  15  feet,  which  is  about  the  minimum  of  head-room  required  for  rail- 
ways. In  the  case  of  wide  roads  also  which  are  not  railways,  and  where, 
consequently,  suspension  posts  in  the  centre  would  be  inadmissible,  the 
first  construction  will  be  invariably  necessary,  however  wide  the  span, 
tmless  additional  strength  be  given  to  the  floor  beams. 

The  second  mode  of  construction  has  the  advantage  of  enclosing  the 
road-way  both  by  a  side  and  top  covering  or  roof,  and  in  both  the  designs 
exhibited  in  Plate  3  a  wooden  boarding  to  protect  the  trusses  from  the 
weather  is  shown  on  each  side  of  the  bridge. 

Plate  4  is  a  plan  showing  the  horizontal  beams  and  braces  above  the 
trusses  in  a  bridge  of  the  second  construction. 

The  writing  and  figures  on  Plate  2  describe  the  names  and  scantlings  of 
the  several  timbers  seen  in  the  cross  section,  in  addition  to  which  it  may 
be  observed  that  all  those  horizontal  parts  of  a  truss  which  run  the  whole 
length  of  it,  and  are  secured  to  the  truss  braces  by  trenails,  are  called 
string  pieces,  those  at  top  and  bottom  of  the  truss  being  respectively 
termed  top  and  bottom  string  pieces,  while  those  between  the  top  and 
bottom  are  called  intermediate  string  pieces.  One  intermediate  string 
piece  of  a  single  plank  is  shown  on  the  inside  of  the  truss  in  the  lower 
section  in  Plate  3.     The  centre  or  middle  string  pieces  are  those  which 
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run  between  the  two  series  of  truss  braces^  and  are  here  shown  (Plate  3) 
as  composed  of  square  timber^  but  they  are  commonly  of  two  single  planks 
similar  to  the  string  pieces  marked  B  in  the  Plate. 

The  form^  dimensions^  and  position  of  the  trass  braces  will  be  folly 
understood  from  Plate  2. 

The  floor  beams  shown  in  the  two  sections  of  Plate  3  are  transrerse 
timbers  which  support  the  longitudinal  floor  joists.  Their  depth  should  in 
all  cases  be  at  least  twice  their  breadth. 

The  floor  joists  are  those  of  which  the  ends  are  seen  in  the  sections  of 
Plate  3  resting  on  the  floor  beams.  They  are  usually  4)  to  6  inches 
square^  and  they  extend  the  whole  length  of  the  bridge  in  order  to  support 
the  floor  planks. 

The  floor  planks  are  of  various  widths^  from  6  to  12  inches,  and  firom 
2^  to  4  inches  thick.  When  only  one  thickness  of  plank  is  used  they  are 
laid  at  right  angles  across  the  bridge,  and  when  two  are  used  they  are  laid 
obUquely  to  the  line  of  road,  so  as  to  cross  each  other  nearly  at  right 
angles. 

The  horizontal  braces  at  the  top  shown  in  Plate  4  are  either  firamed  in 
diagonally  between  the  top  beams,  or  consist  of  long  planks  of  suitable 
dimensions,  spiked  and  trenailed  to  the  top  of  the  beams,  so  as  to  give  the 
most  secure  support,  and  to  keep  the  trusses  in  a  straight  line  at  top. 
Mr.  Town  considers  this  a  very  important  support,  and  recommends  it 
to  be  effected  in  the  most  secure  manner.  The  form  of  these  braces 
shown  in  Plate  4  is  applicable  to  a  bridge  having  its  road-way  between  the 
trusses,  the  floor  beams  here  resting  on  the  top  of  the  trusses,  and  the 
braces  being  framed  diagonally  between  the  beams. 

Principal  rafters  shown  in  Plate  3  are  of  10  or  12  feet  in  depth  by  4  or 
5  inches  thick,  according  to  their  length.  They  are  firmly  secured  to  the 
floor  beams  at  their  feet. 

Side  braces  (see  lower  section,  Plate  3)  are  pieces  about  4i  x  5^  inches, 
connected  with  the  side  truss  and  secured  to  the  floor  beam  and  principal 
rafter.  They  serve  to  confine  the  side  trusses  in  a  vertical  position,  and  to 
prevent  them  from  swaying  or  leaning  to  either  side.  The  braces  in  the 
upper  section  of  Plate  3  extend  diagonally  from  the  ends  of  the  tie  beam 
to  the  centre  of  the  floor  beam,  as  shown.  They  serve  the  same  purpose 
as  the  side  braces  in  the  lower  section. 

The  trenails  used  for  securing  the  truss  braces  and  string  pieces  together, 
as  shown  in  Plate  2,  should  be  of  white  oak  or  other  hard  wood,  and  in  the 
large  bridges  of  America  are  usually  2  inches  in  diameter.    They  should 
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be  exactly  fitted  to  the  augers  used  for  boring  the  holes,  so  that  when 
seasoned  they  may  drive  tight  and  make  solid  work.  The  patentee  ob- 
serves that  the  trenails  may  be  made  different  ways,  but  the  best  and 
most  economical  is  to  saw  them  out  square  from  plank,  with  a  circular 
saw,  and  then  turn  them  with  a  small  lathe,  attached  to  some  water  or 
other  machinery.  They  should  be  unseasoned,  to  be  easily  made,  but 
must  afterwards  be  well  seasoned  before  driven  into  the  work ;  they  will 
season  quick,  or  may  be  kiln-dried.  Tallow  or  oil,  &c.,  may  be  rubbed 
on  them,  to  make  them  drive  more  easily,  if  necessary. 

We  are  not  aware  of  any  situation  in  this  country  or  in  Europe  where  a 
bridge  on  Mr.  Town's  principle  has  been  erected.  In  America,  however, 
there  are  already  many  of  these  bridges,  on  a  scale  of  magnitude  truly 
gigantic.  Among  the  most  important  of  these  is  the  one  erected  by  the 
celebrated  engineer  Moncure  Robinson,  Esq.,  for  carrying  the  Richmond 
and  Petersburgh  Railway  across  the  falls  of  James  River  at  Richmond. 
The  length  of  this  bridge  across  the  river  is  2900  feet,  and  the  trusses  are 
supported  on  eighteen  granite  piers,  the  distances  between  the  piers 
varying  from  130  to  153  feet.  The  piers  are  founded  on  the  granite 
rock  over  which  the  rapids  flow.  Their  height  above  the  surface  of  the 
water  is  40  feet,  and  they  are  carried  up  with  a  batter  of  1  inch  in  2 
feet  vertical,  up  to  this  height  of  40  feet  above  the  water,  where  their 
dimensions  at  top  are  4  feet  in  breadth  by  18  in  length.  The  masonry 
consists  of  regular  courses  of  stone  dressed  on  the  beds  and  joints,  but 
left  rough  or  merely  scabbled  on  the  outside  faces.  The  floor  in  this 
bridge  is  on  the  top  of  the  truss  frames,  and  the  depth  of  these  being  20 
feet,  the  road-way  is  carried  horizontally  across  the  river  at  an  elevation 
of  60  feet  above  the  water.  This  bridge  was  completed  in  September, 
1838,  having  occupied  less  than  two  years  in  its  construction,  its  cost 
amounting  to  about  £24,200  sterling.  *  We  doubt  whether  any  part 
of  the  world  could  produce  an  instance  of  a  work  equal  in  magnitude 
to  this  being  executed  for  so  small  a  sum.  We  dare  scarcely  trust  our- 
selves to  guess  what  a  bridge  of  the  immense  length  of  2900  feet, 
or  considerably  more  than  half  a  mile,  would  have  cost  in  the  hands  of 
one  of  our  English  engineers;  assuredly,  looking  to  examples  which 
surround  us  in  every  direction,  we  might  change  the  units  of  the  American 
engineer  into  tens,  and  call  the  twenty-four  thousand  240,000,  without 
incurring  the  imputation  of  exaggerating. 

In  addition  to  this  great  work  on  Mr.  Town's  principle,  executed  by 
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Mr.  Moncure  Robinson,  may  be  mentioned  Knother  on  the  same  pniKi|di 
across  the  Susquehannah,  2200  feet  in  length,  with  spans  of  320  feet: 
the  following, — at  Nashua,  in  New  Hampshire ;  Newburyport,  MuMcfau- 
setts;  Springfield,  M  assach  us  setts ;  Northampton,  MassacliusaetU;  * 
Providence,  Rhode  Island;  one  near  Philadelphia,  in  New  Jersey;  one 
across  the  Delaware,  above  Trenton;  one  736  feet  in  length  on  the  Hatka 
Railroad,  near  New  York ;  four  over  the  Nortli  and  Mohawk  rivers,  om 
Troy ;  another  over  the  Schuylkill,  near  Philadelphia,  for  the  Baltimm 
Railway;  two  on  the  Railway  from  Petersburgh  to  Raleigh,  Uppn 
Canada ;  one  at  I'uscalossa,  Alabama ;  one  at  Circleville,  Ohio,  &c 

These  bridges  may  be  constructed  of  any  kind  of  timber,  howevCT  m^ 
provided  planks  of  about  27  feet  in  length  can  be  sawed  out  of  it.  Wliik 
pine,  spruce,  and  poplar  have  been  extensively  used  in  America,  but  cuk 
is  objected  to  on  account  of  its  tendency  to  spring  or  warp,  if  not  mJl 
seasoned. 

Mr.  Town's  principle  of  lattice  frames  or  trusses  appears  to  pouen 
some  advantages  over  most  other  kinds  of  wooden  bridges. 

1.  The  lattice  bridge  may  be  constructed  of  any  span  up  to  300  fed, 
with  common  planks,  not  exceeding  30  feet  in  length,  and  of  course  for 
smaller  spans  a  shorter  length  of  plank  will  be  sufficient.  The  ease  m& 
which  the  timbers  required  for  it  may  be  transported  afibrds  a  grett 
advantage  for  miUtary  bridges,  and  in  all  cases  where  carriage  is  expeosiTe: 

2.  It  may  be  adapted  with  absolutely  the  same  degree  of  ease  and  coiire- 
nience  to  an  oblique  or  skew  crossing  of  a  river  or  road  as  to  one  at  rigbl 
angles  to  its  course. 

3.  There  is  no  lateral  pressure  or  thrust  against  the  piers  or  abutments, 
the  frames  merely  resting  on  their  tops,  so  that  a  much  less  strength  ot 
masonry  is  required  than  in  most  other  kinds  of  bridges. 

4.  The  short  lengths  and  small  scantlings  of  timber  required  expose 
every  part  to  view,  so  that  any  appearance  of  weakness  or  dry  rot,  or  any 
other  defect,  can  readily  be  discovered,  and  the  plank  rejected,  whereM 
such  imperfections  would  escape  notice  in  the  interior  of  a  large  log. 

5.  The  effect  produced  by  pressure  on  the  bridge,  by  the  shrinking  of 
the  timber,  and  by  other  causes  to  which  it  is  subjected,  consists  of » 
strain  of  tension  or  compression  only,  which  is  immediately  subdivided 
and  distributed  so  as  to  be  perfectly  unproductive  of  injury  to  any  parti- 
cular part. 

6.  The  bridge  has  a  degree  of  stiffness  and  freedom  from  both  vertical 
and  lateral  motion  superior  to  most  other  works,  whether  in  iron  or  wood: 
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and  this  advantage  is  possessed  in  connexion  with  the  practicability  of 
always  securing  a  perfectly  horizontal  road-way. 

7.  The  covering  of  bridges  with  a  light  boarding  to  protect  them  from 
the  weather  is  an  important  consideration^  the  value  of  which  is  well 
understood  in  America.  The  frames  of  these  bridges  present  a  prepared 
surface  for  the  covering  boards,  and  where  the  road-way  lies  between  the 
side  trusses  the  roof  rests  upon  the  tops  of  the  trusses  without  any 
additional  weight  of  timber,  except  that  required  for  the  mere  roof  itself. 

8.  These  bridges  are  put  together  in  America  with  remarkable  rapidity ; 
as  an  instance  of  which  may  be  mentioned  a  bridge  on  the  railway  from 
Philadelphia  to  Norristown,  which  consists  of  three  openings  of  about 
190  feet  each.  This  bridge,  constructed  across  the  Wissahiccon  at  a  height 
of  7B  feet  above  the  bed  of  the  river,  occupied  no  more  than  ten  weeks. 


LADYKIRK  AND  NORHAM  BRIDGE,   OVER  THE   RIVER  TWEED. 

JOHN    BLACKMORB,    ESQ.,    ENOINEBR. 

Plate  5. 

This  bridge  consists  of  two  arches,  each  of  190  feet  span  with  17  feet  of 
rise,  and  a  pier  between  them  20  feet  in  thickness,  making  the  whole 
distance  between  the  abutments  equal  to  400  feet.  The  bridge  is  of 
timber  with  stone  pier  and  abutments. 

In  the  few  words  we  shall  have  to  say  respecting  this  bridge  we  shall 
have  to  confine  ourselves  to  generalities,  because  at  present  we  are  only 
in  possession  of  the  general  plan  and  elevation  shown  in  the  Plate,  without 
details  of  any  kind ;  so  that  the  detailed  account  of  the  structure,  which 
has  been  promised  by  the  engineer,  must  of  necessity  be  delayed  until  the 
second  edition  of  this  work. 

The  general  arrangement  of  the  timber  in  the  arches  of  this  bridge  is 
worthy  of  attention,  as  it  presents  a  combination  which  is  remarkably  light 
and  elegant,  at  the  same  time  that  it  possesses  considerable  strength  and 
stifihess.  On  reference  to  the  elevation  it  will  be  seen  that  the  lower  part 
of  the  arch  is  composed  of  a  series  of  planks  6  inches  in  thickness,  laid 
close  upon  each  other.  The  length  of  these  planks,  being  about  1 8  feet, 
serves  to  divide  the  whole  ring  of  the  arch  into  thirteen  compartments,  in 
the  first  of  which,  commencing  at  the  springing,  there  are  eight  thicknesses 
of  plank,  and  the  thickness  diminishes  towards  the  crown  by  one  plank  in 
each  compartment,  till  at  the  crown  itself,  and  in  the  compartment  on  each 
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side  of  the  crown,  there  are  only  three  thicknesses.  The  planks  of  each 
compartment  are  securely  bolted  together  by  two  bolts  in  each.  The 
upper  part  of  the  arch  consists,  like  the  lower,  of  a  series  of  planks  ar- 
ranged also  in  a  tapering  form,  but  the  greatest  thickness  is  here  given 
at  the  centre,  where  there  are  seven  planks,  and  this  thickness  gradually 
diminishes  till  in  the  last  compartments,  namely,  those  at  the  springing, 
there  is  only  a  single  plank.  The  braces  which  radiate  to  the  centre  of 
the  lower  part  of  the  arch  unite  the  planks  of  the  upper  and  lower  parts  at 
the  ends  of  each  compartment,  and  the  diagonal  braces  extend  from  the 
top  of  each  radiating  brace  to  the  foot  of  the  adjoining  one.  Snch  is  the 
arrangement  of  one  rib  of  the  arch,  from  which  it  will  be  seen  that  the 
bridge  is  essentially  one  which  resists  by  compression.  Conceive  a  weight 
placed  upon  the  crown  of  the  arch,  and  the  effect  is  immediately  that  of 
tending  to  compress  each  of  the  diagonal  braces,  and  before  any  part  of  the 
lower  rim  of  the  arch  can  yield  in  the  slightest  degree,  it  is  essential  that  the 
whole  mass  of  timber  composing  it  shall  be  forcibly  compressed  to  a  con- 
siderable extent.  The  arrangement  of  the  whole  is  so  well  adapted  to 
distribute  and  convey  to  the  strongest  part,  namely,  the  springing,  any 
pressure  which  may  come  upon  any  part  of  the  structure,  that  we  cannot 
fail  to  pronounce  the  design  to  be  one  of  great  merit  and  ingenuity. 

This  form  of  bridge,  although  differing  very  widely  from  Mr.  Town's 
principle,  which  has  been  so  extensively  acted  upon  in  America,  possesses 
in  common  with  his  the  advantage  of  requiring  only  timber  of  small  di- 
mensions. This  is  a  great  recommendation  in  every  district  where  timber 
has  to  be  brought  from  a  distance  and  where  freight  is  expensive.  In  the 
bridge  before  us  the  greatest  length  of  any  single  piece  of  timber  is  about 
28  feet,  this  being  the  length  of  the  longest  diagonal  braces,  and  the  great 
majority  of  the  pieces  do  not  exceed  18  feet. 

The  road-way  over  Ladykirk  Bridge  having  only  the  narrow  width  of 
18  feet,  no  more  than  two  ribs  are  necessary,  as  the  road-way  girders  are 
not  required  to  be  of  unreasonable  dimensions  when  the  bearing  is  no 
greater  than  18  or  20  feet.  It  is  obvious,  however,  that  on  account  of  the 
great  strength  required  in  girders  having  a  greater  bearing  than  this,  the 
employment  of  this  kind  of  bridge  would  not  be  judicious  for  very  wide 
road-ways,  unless  a  system  of  roofing  and  suspension  from  the  centre  could 
be  introduced,  similar  to  that  which  has  been  practised  in  many  of  Mr. 
Town^s  bridges.  Again,  as  this  divides  the  road-way  into  two  separate 
lines,  it  is  objectionable  for  any  species  of  public  road,  but  presents  no 
disadvantage  in  the  case  of  railways. 
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The  details  of  fixing  the  road-way  of  this  bridge  with  the  framing 
beneath  the  girders  must,  for  the  reason  ahready  assigned^  be  for  the 
present  postponed  until  those  fiill  particulars  are  obtained  which  are 
necessary  to  the  complete  explanation  of  the  work. 


TIMBER  BRIDGE  OVER  THE  CLYDE  AT  GLASGOW. 

PlATBS   6,  1y  8,  AND  9. 

This  is  a  bridge  erected  over  the  river  Clyde  in  the  years  1831  and 
18323  between  the  Broomielaw  Bridge  and  the  old  bridge  of  Glasgow; 
engineer^  Robert  Stevenson,  Esq.,  of  Edinburgh. 

The  bridge  consists  of  fourteen  arches,  each  of  34  feet  span,  measured 
from  centre  to  centre  of  the  piles  forming  the  piers,  giving  in  all  a  water- 
way of  476  feet,  uninterrupted  except  by  the  narrow  width  of  the  piles 
or  piers  which  support  the  structure.  The  road-way  is  32  feet  in 
width  between  the  parapets. 

Plate  6  shows  the  elevation  and  plan  of  one-half  of  the  bridge,  from 
which  it  will  be  seen  that  each  arch  consists  of  seven  ribs,  each  composed 
of  three  beams,  namely,  two  diagonal  braces  and  a  horizontal  straining 
beam.  The  diagonal  braces  are  13  inches  in  depth  by  12  in  breadth,  and 
the  straining  beams  are  12  inches  square. 

The  bridge  is  supported  upon  thirteen  rows  of  bearing  piles,  seven 
in  each  row.  These  piles  are  set  or  pitched  at  the  distance  of  5  feet 
2  inches  apart,  measuring  from  centre  to  centre,  as  shown  in  Plate  8. 
Each  row  of  these  piles  composes  what  may  be  called  a  pier,  as  they  form 
a  substitute  for  what  would  otherwise  be  a  solid  pier  of  brick-work  or 
masonry.  At  each  end  of  each  pier  there  is  a  shore  or  brace  pile  driven 
down  at  the  distance  of  13  feet  from  the  outer  bearing  pile,  as  shown  in 
Plate  8. 

The  piles  which  compose  the  piers  are  secured  to  each  other  by  four 
pairs  of  beams  called  collar  braces.  These  extend  transversely  across 
the  line  of  the  bridge  on  each  side  of  the  piers,  and  are  of  unequal  lengths, 
as  shown  in  Plate  8« 

The  first  or  uppermost  pair  of  these  braces  is  placed  immediately  under 
the  road-way  beams ;  the  second  pair  is  fixed  4  feet  3  inches  under  the 
uppermost,  measuring  from  the  upper  edge  of  the  one  to  the  upper  edge  of 
the  other,  and  forming  the  points  of  abutment  for  the  diagonal  braces 
hereafter  described.    The  third  pair  of  braces  is  fixed  midway  between  the 
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second  pair  and  the  level  of  summer  water,  as  shown  in  the  section  and 
elevations,  and  the  fourth  is  placed  at  the  level  of  summer  water. 

Plates  6  and  7  show  the  ends  of  these  collar  braces  with  the  screw  bolti 
and  nuts  which  secure  them  to  the  piers.  The  first  and  second  pair  are 
secured  with  bolts  of  1  inch  square,  and  the  third  and  fourth  with 
bolts  of  i-  of  an  inch  square :  the  fourth  pair  of  braces  are  however  secured 
at  their  extremities  to  the  heads  of  the  shore  or  brace  piles  by  two 
bolts  of  1  inch  square.  Plate  8  shows  that  the  fourth  pair  of  braces 
extend  beyond  the  pier  from  one  brace  pile  to  the  -other^  and  diat 
the  intermediate  collar  braces  also  extend  beyond  the  piers  till  they  meet 
the  cutwater  and  tailwater  braces,  which  will  be  presently  described^  and  to 
which  they  are  secured  by  bolts  similar  to  those  which  fasten  them  to  tiie 
piles. 

The  brace  pile  on  the  up-stream  side  of  the  bridge  is  called  the  cutwater 
brace  pile,  and  that  on  the  lower  side  is  the  tailwater  brace  pile.     The 
sloping  braces  shown  in  fig.  8,  which  abut  on  the  heads  of  these  piles,  and 
are  fitted  under  the  ends  of  the  first  pair  of  collar  braces,  are  called 
respectively  the  cutwater  and  tailwater  braces.     These  braces  are  fixed 
with  two   screw  bolts   of   1  inch  square  to  the  cast  iron  shoe   on  the 
brace  pile  head,  and  are  secured  at  top  by  a  similar  bolt  passing  through 
the  top  of  the  outer  bearing  pile  of  the  pier.     The  cast  iron  shoes  for  the 
bottom  of  the  braces  are  somewhat  in  the  form  of  the  letter   H,  the 
two  side  plates  being  about  18  inches  long,  and  formed  to  the  proper 
angle.      The  cross  bar  is  12  inches  long,  and  the  whole  about  10  inches 
in  breadth,  and  averaging  ^ths  in  thickness.     The  shoes  are  fixed  with  two 
screw  bolts,  of  1   inch  square,   passing  through   the  head  of  the  piles 
and  the  lower  tails  of  the  shoes,  and  one  ^inch  rag  bolt,  8  inches  in 
length,  driven  into  the  top  of  the  pile.     The  shoes  for  the  top  of  the 
braces  are  of  the  form  of  the  letter  L  inverted,  the  upright  plate  being  12 
inches  square,  and  the  upper  or  horizontal  plate  18  inches  x   7  inches: 
the  thickness  on  an  average  is  f  ths  of  an  inch  and  the  shoe  is  fixed  to  the 
piles  and  collar  braces  with  four  ^inch  rag  bolts  in  each  shoe  with  coun- 
tersunk heads.     The  cutwater  braces,  or  those  at  the  up-stream  end  of  the 
piers,  are  faced  with  a  cast  iron  sheath  of  one-half  inch  in  thickness,  in 
order  to  protect  the  bridge  from  injury  by  ice  and  other  matters  which 
may  come  against  it. 

The  diagonal  braces  forming  the  arches  spring  from  the  upper  edge 
of  the  second  pair  of  collar  braces,  and  those  at  the  extremities  of  the 
bridge  spring  from  the  projecting  course   of  masonry  formed   for   that 
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purpose  on  the  abutments.  The  length  of  the  scantlings  and  position 
of  these  diagonal  braces  will  be  seen  from  the  elevations  in  Plates  6  and  7? 
and  the  form  of  the  shoes  in  which  they  rest  will  appear  from  these  eleva- 
tions and  from  the  transverse  section,  Plate  8.  Each  shoe  is  furnished 
with  a  bracket,  and  the  foot  of  each  brace  is  notched  to  receive  this  bracket, 
which,  thus  fitting  into  it,  prevents  the  brace  from  shifting. 

The  straining  beams  shown  in  the  two  elevations  rest  between  the  ends 
of  the  diagonal  braces  last  described.  A  plate  or  sheet  of  malleable  iron 
is  introduced  at  each  of  the  joints  between  the  braces  and  the  straining 
beams,  to  prevent  the  fibres  of  the  one  from  being  compressed  into  the 
other.  The  superficial  area  of  these  malleable  iron  plates  is  equal  to  the 
area  of  the  joints,  and  at  the  top  they  overlap  the  upper  end  of  the 
diagonals  to  the  extent  of  4  inches,  and  in  a  similar  manner  on  the  under- 
side they  lap  under  the  straining  beams  to  the  extent  of  3  inches.  The 
plates  are  fixed  to  the  timbers  with  three  spikes,  4  inches  long,  in  each 
of  the  over  and  underlapping  sides. 

The  road-way  beams  or  joists  shown  in  the  plan  (Plate  6)  are  laid  in  seven 
equidistant  parallel  lines  on  the  top  of  the  pile  heads,  and  rest  on  the  upper 
edges  of  the  straining  beams.  These  beams  are  joined  on  each  pier  by 
a  vertical  scarf  of  16  inches  in  length;  each  joining  being  fixed  to  the  pile 
head  by  two  oak  trenails  of  IJ  inch  in  diameter,  and  secured  longitudinally 
by  two  straight  straps  of  malleable  iron,  2  feet  in  length,  and  3  inches  in 
breadth,  by  i  inch  in  thickness,  placed  one  on  each  side  of  the  beams,  and 
secured  thereto  with  two  |-inch  bolts.  Where  the  road-way  joists  rest 
upon  the  straining  beams,  they  are  bolted  to  the  latter  with  screw  bolts 
I  inch  square,  one  bolt  at  each  end  and  one  in  the  middle  of  the  straining 
beam. 

The  planking  of  the  road-way  shown  in  Plate  6  is  fixed  with  two  spikes 
at  the  crossing  of  each  of  the  road-way  joists,  and  projects  6  inches  over 
the  face  of  the  outside  joists, 

Plate  9  is  a  section  on  a  large  scale,  showing  the  foot-path,  the  curb 
beam  which  separates  the  road-metal  from  the  foot-path,  and  the  ends 
of  the  road-way  joists  and  straining  beams.  The  curb  beams  are  secured 
to  the  planking  and  to  the  beams  below  by  |-inch  screw  bolts,  of  29  inches 
in  length,  one  of  which  is  placed  at  every  6  feet,  and  an  additional  bolt 
at  every  joining.  On  the  top  of  the  wooden  curb  is  laid  a  line  of  cast  iron 
guard  plate  of  the  curved  form  shown  in  the  section :  this  is  secured  to  the 
curb  beams  by  bolts. 

The  whole  of  the  timber  for  the  bridge  was  directed  to  be  of  good  sound 
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Memel  or  of  the  best  Quebec  red  pine.  The  timbeni  within  the  r^ngt 
of  the  tides  are  payed  over  with  two  coats  of  tar ;  and  those  above  the  lerd 
of  high-water  mark  are  planed  and  clean  dressed^  and  finished  with  three 
coats  of  white  lead  oil  paint. 

The  whole  of  the  iron  work  was  of  the  best  Muirkirk  or  Lowmoor  inm, 
and  the  whole  of  the  bolts,  shoes,  sheathing,  &c.,  were  made  according 
to  patterns  furnished  by  the  engineer  during  the  progress  of  the  work. 

The  abutments  were  founded  upon  piling  which  it  will  be  unnecessary 
to  describe  particularly,  as  it  could  convey  little  information  unless  the 
reader  possessed  an  accurate  knowledge  of  the  strata  on  which  they  rest 
The  extent  and  form  of  the  abutments  and  wing  walls  are  also  matteis 
of  mere  local  interest,  as  they  depend  on  local  circumstances  of  position 
and  connexion  which  have  nothing  to  do  with  the  general  design. 

It  may  be  mentioned,  however,  that  the  stone  for  the  abutments^  wings,  * 
parapets,  &c.,  was  procured  from  the  same  sites  as  for  Mr.  Sterenson'i 
celebrated  stone  bridge  over  the  Clyde,  called  Hutcheson  Bridge^  of  whidi 
see  the  specification  in  the  first  volume.  The  stone  parapet  over  the 
abutments  is  18  inches  in  thickness  and  4  feet  in  height,  surmounted  by  a 
coping  20  inches  in  breadth  by  8  inches  in  thickness.  The  parapet  over 
the  arches  consists  of  a  substantial  line  of  post  and  rail,  4  feet  3  inches 
in  height  above  the  level  of  the  planking. 


WOODEN  BRIDGE  OVER  THE  CALDER  AND  HEBBLE  NAVIGATION. 

BT    WILLIAM    BULL,    ESQ.,    CIVIL   BNGINBER. 

Plate  10. 

This  bridge  was  erected  in  the  autumn  of  1836  for  carrying  an  occupa- 
tion road  over  the  canal. 

The  chord  of  the  arc  is  70  feet,  the  versed  sine  is  5  feet,  and  the  width 
of  the  road-way  10  feet. 

Tlie  arch  is  composed  of  four  ribs  of  fir  timber  with  cross  braces.  On 
the  under  side  the  timbers  are  wrought  to  the  curve  of  the  arch,  and  the 
ends  abut  on  each  other  and  radiate  to  the  centre  of  the  arch.  The 
timbers  are  secured  in  their  places  by  two  wrought  iron  bolts  passing 
through  them  in  the  line  of  the  radii  at  each  joint,  and  these  bolts  are 
connected  at  each  end  by  iron  straps  let  into  the  wood.  The  ribs  are  also 
secured  to  each  other  by  wrought  iron  through  bolts  passing^  through 
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them  and  the  cross  braces  in  a  horizontal  direction.    The  through  bolts 

have  a  strong  cast  iron  washer  at  each  end. 

The  road-way  is  composed  of  3-inch  deal  plank,  on  which  is  laid  a 

coating,  f  of  an  inch  in  thickness,  of  pitch  and  tar  mixed  with  small  gravel, 

in  order  to  protect  the  planking  from  the  weather,  and  over  this  is  placed 

a  layer,  5  inches  in  thickness,  of  broken  stone,  to  form  the  smface  of  the 

road-way. 

The  ribs  are  let  into  the  springing  about  6  inches  at  each  end,  wedged 

in  with  oak,  and  the  chases  run  with  lead. 

The  abutments  are  formed  of  ashlar  stone,  imhewn  except  in  the  beds 

and  joints,  backed  with  rubble,  laid  in  mortar,  and  grouted. 

The  wing  walls  consist  of  stone  5  inches  in  thickness,  with  7  inches 

of  bed,  laid  in  mortar,  backed  with  rubble,  and  grouted. 

The  foundations  are  sunk  about  2  feet  below  the  ordinary  surface  of  the 

ground.    The  footings  consist  of  a  course  of  flat  stones  5  inches  in  tihick- 

ness,  each  stone  having  an  area  of  12  superficial  feet. 

The  arch  was  formed  and  perfectly  fitted  in  all  its  parts  at  the  car- 
penters' yard  belonging  to  the  Navigation  Company,  and  taken  to  the  spot 

in  separate  pieces. 

In  this  bridge  a  curved  form  is  given  to  the  timber  of  the  arch  without 

cutting  any  of  the  material  to  waste.    To  efiect  this,  the  curved  part  of 

each  rib  consists  of  two  logs  of  timber,  18  inches  square  and  about*  18  feet 

in  length.    These  logs  are  divided  through  the  centre  so  as  to  form  four 

half  logs  of  18  inches  by  9  inches.     The  annexed  figure  will  explain 

how  the  curved  figure  of  the 

arch  is  cut  out  of  the  log 

without  wasting  any  of  the 

wood.     ABCD  represents 

a  straight  log  which  has  to 

be  cut  into  the  form  of  an 

arch  EFG.     Let  the  arc 

E  F  G  be  described,  and  cut 

out  the  piece  EFGCD,  and 

place  it  above  the  log  in  the  position  of  H  I K  B  A.     It  is  evident  now 

that  the  whole  figure  H I K  G  F  E  has  the  curved  form  of  the  arch  as 

required.    It  is  true  that  the  arc  H I K  is  not  precisely  concentric  with 

EFG,  being  in  £Eict  described  with  the  same  radius ;  but  this  does  not  in 

the  least  affect  the  strength  of  the  arch,  nor  would  it  be  possible  to  observe 

even  in  arcs  subtending  a  much  greater  angle  than  those  which  are  usual  in 
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the  practice  of  bridge  building  that  these  arcs  were  not  strictly  ooncentric 
The  straight  pieces  above  the  arch  are  9  inches  square  in  scantHng,  so  that 
the  four  pieces  required  for  each  rib  are  cut  out  of  a  single  log  18  feet 
in  length  and  18  inches  square.  The  cross  braces  are  small  pieces  of 
square  timber,  of  which  the  dimensions  are  seen  on  the  plan.  The  ooYering 
to  receive  the  metalling  of  the  road-way  consists,  as  already  described^  of 
3-inch  planking.  Two  of  these  planks  are  cut  without  waste  by  dividing 
a  20-feet  plank  in  the  middle,  and  the  whole  bridge  requires  seventy-eight 
half  planks  of  10  feet  in  length,  or  thirty-nine  whole  planks  of  20  feet, 
to  form  the  road-way  covering.  The  side  boards  to  keep  up  the  road- 
metalling  are  also  of  3-inch  plank  set  on  edge,  about  seven  20^feet  planks 
being  required  for  this  purpose  for  the  two  sides  of  the  bridge. 


NEWCASTLE,   NORTH   SHIELDS,   AND  TYNEMOUTH   RAILWAY 
VIADUCT,   ACROSS  WILUNGTON  DEAN. 

Plates  11,  12,  and  13. 

This  is  a  timber  viaduct  with  stone  piers,  erected  by  Messrs.  Green,  of 
Newcastle  upon  Tyne,  to  carry  the  Newcastle,  North  Shields,  and  Tyne- 
mouth  Railway  across  the  valley  of  Willington  Dean.  Each  extremity  of 
the  viaduct  is  joined  by  an  earthen  embankment,  33  feet  in  depth  at  one 
end  and  36  feet  at  the  other.  The  extreme  length  of  the  viaduct  is  1048 
feet,  and  its  greatest  depth  from  surface  of  ground  to  the  level  of  rails 
is  82  feet.  These  dimensions  will  afford  an  idea  of  the  heavy  mass  of 
embankment  which  is  saved  by  the  substitution  of  a  viaduct  in  this  place. 
The  structure  consists  of  seven  arches,  namely,  two  of  115  feet  span,  four 
of  120  feet,  and  one  of  128  feet. 

FOUNDATIONS. 

A  reference  to  the  general  elevation  in  Plates  11  and  12  will  show  that 
the  bed  of  the  river  is  composed  of  alluvium  resting  upon  a  more  solid 
stratum  of  clay,  and  that  the  depth  down  to  the  clay  is  inconsiderable 
under  the  two  end  arches  at  each  extremity  of  the  viaduct,  but  that  in  the 
centre  the  thickness  of  the  alluvial  soil  is  much  greater.  As  the  stratum 
above  the  clay  does  not  possess  sufficient  solidity  for  a  foimdation,  it 
became  necessary  to  drive  piling  down  to  the  clay  under  the  two  centre 
piers ;  and  as  for  the  other  piers  and  the  abutments,  the  proximity  of  the 
clay  to  the  natural  bed  of  the  valley  afforded  complete  facility  for  founding 
directly  upon  it  without  the  use  of  piling.     The  two  abutments  and  all  the 
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piers^  except  the  two  centre  ones^  are  founded  from  2  to  6  feet  below  the 
surface  of  the  clay ;  one  of  the  centre  piers  is  founded  on  piling  36  feet  in 
length,  and  the  other  on  piling  32  feet  in  length.  There  are  eighty  piles 
in  the  foundation  of  each  of  these  two  piers,  with  sleepers  and  planking,  as 
shown  in  the  elevation  and  sections  in  Plate  13.  All  the  piers  and  abut- 
ments have  four  courses  of  footings.  The  footings  of  the  two  centre  piers 
are  surrounded  by  a  row  of  fender  piles  about  14  feet  in  length. 

PIERS    AND    ABUTMENTS. 

The  two  end  piers  are  carried  up  to  the  springing  in  the  square  form 
shown  by  the  plan  in  Plate  11 :  they  have  each  a  square  projection  at  the 
ends,  2  feet  11  inches  beyond  the  line  of  the  arches  and  7i  feet  less 
in  width  than  the  thickness  of  the  pier.  These  small  piers  are  of  solid 
masonry  up  to  the  springing,  with  the  exception  of  two  small  hollows  in 
the  interior,  which  are  filled  with  rubble,  as  shown  in  the  plan.  The 
dimensions  of  the  four  other  piers  will  be  seen  from  the  elevation  and  the 
transverse  sections.  It  will  be  observed  that  each  of  these  has  a  bevelled 
setoff  all  round  it,  at  about  one-third  of  the  height  from  the  footings  to 
the  springing,  and  that  above  this  set-off  the  length  and  breadth  are  each 
diminished  1^  feet.    The  ends  of  the  piers  are  carried  up  perpendicular, 

but  the  sides  have  a  batter  both  above  and  below  the  set-off  of  1  in  24. 

• 

The  general  thickness  of  all  the  piers  at  the  under  side  of  the  springing 
is  15  feet  by  a  length  of  22  feet.  The  large  piers,  like  the  smaller  ones, 
have  each  a  projection  at  the  ends.  This  projection  extends  2  feet 
11  inches  beyond  the  general  line  or  hce  of  the  bridge^  and  is  10  feet 
in  width  below  the  set-off,  and  8  feet  6  inches  above  it.  At  about  half-way 
between  the  set-off  and  the  springing  course  there  is  a  Gothic  moulding, 
above  which  the  projection  is  diminished  so  as  to  be  only  1  foot  11  inches 
beyond  the  general  face,  .as  shown  in  the  transverse  sections  in  Plates 
11  and  13.  These  piers  are  composed  of  solid  masonry,  with  the  exception 
of  two  hollows  in  each  of  6  feet  by  4  feet,  which  are  filled  with  rubble, 
as  shown  in  the  transverse  and  longitudinal  sections  in  Plate  13.  The 
abutments  and  wing  walls  at  each  end  of  the  bridge  form  a  solid  mass 
60  feet  in  length  by  25  in  breadth,  carried  up  with  four  hollows  of  20  feet 
by  5  feet.  The  abutments  have  each  a  projection  at  the  ends,  cor- 
responding with  those  of  the  piers  already  described.  The  piers  and 
abutments  above  the  Springing  course  are  continued  in  the  form  of 
pilasters  up  to  the  string  course,  between  which  and  the  springing  they 
have  each  a  Gothic  moulding  similar  to  that  below  the  springing  in  the 
large  piers.  Between  the  springing  and  this  upper  moulding  the  width  of 
VOL.  II.  g 
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all  the  pilasters  is  7  feet  10  inches,  and  abore  Ae  moolfiii^  dieir  width 
is  diminished  to  6  feet  6  inches.  Hie  length  abo  diminishes  «s  diown  in 
the  rarioos  transverse  sections  in  Plates  1 1  and  13. 

ARCHES. 

These  are  of  a  rery  peculiar  structure,  and  present  almost  tbe  first  ex- 
am plcai  in  this  country  of  that  laminated  form  whidi  was  successfollr 
adopted  in  the  Pont  d'lvry  across  the  Seine.  Hie  ardies  of  this  Tiadnct  are 
built  of  .^inch  deal  planks  from  20  to  45  feet  in  length,  and  11  indies  in 
breadth.  Each  rib  contains  two  planks  in  width,  and  is  regalariy  built 
in  courses  in  such  a  way  that  each  alternate  course  consists  of  two  whole 
deals  and  of  one  whole  and  two  half  deals.  The  planks  also  break  joint 
longitudinally^  and  the  whole  are  firndy  secured  by  oak  trenails,  eadi 
of  which  passes  through  not  less  than  three  of  the  planks  in  thickness. 
Between  each  of  the  courses  is  placed  a  layer  of  brown  paper  saturated 
with  boiling  tar.  Each  rib  is  1  foot  11  inches  in  breadth,  as  seen  in  the 
transverse  section,  Plate  11,  and  is  composed  of  15  courses  of  S-inch 
plank.  Each  pier  has  six  cast  iron  socket  plates  fixed  to  it  to  recxire  the 
ends  of  the  ribs.  Tliese  plates  are  secured  to  the  pier  by  four  iron  bolts  in 
each,  as  shown  by  the  plan  and  longitudinal  section  in  Plate  13.  Tlie  libs 
are  tied  to  each  other  transversely  by  wrought  iron  bolts  and  diagonal 
braces,  as  seen  in  the  plans,  Plates  11  and  13,  and  in  the  transverse 
section,  Plate  11. 

8PANDRIL8. 

The  spandrils  are  of  open  timber-work,  and  consist  of  main  dividing 
beams  with  a  series  of  diagonal  and  vertical  struts.  These  dividing  beams 
are  called  spandril  beams  in  Plate  12.  They  are  long  pieces  of  timber 
14  inches  square,  and  are  placed  in  an  oblique  direction  from  the  crown  of 
the  arch  to  the  moulding  already  described  on  the  pilasters  between  the 
springing  and  the  string  course.  The  radiating  struts  are  those  between  the 
rib  and  the  dividing  beam,  and  the  vertical  struts  extend  from  the  dividing 
beam  to  the  longitudinal  timbers  of  the  road-way.  The  arrangement  of 
the  timbers  in  the  spandrils  with  the  bolts  which  secure  the  principal 
parts  to  the  ribs  and  to  each  other  will  be  seen  on  reference  to  the  several 
elevations  given  in  these  Plates.  All  the  ribs  have  spandrils  of  the  same 
general  construction. 

ROAD-WAY. 

The  longitudinal  beams  of  the  road-way  are  14  inches  square.  They  are 
laid  in  three  parallel  lines  passing  over  the  crown  of  each  rib.  The  breadth 
from  outside  to  outside  of  these  beams  is  18  feet.     The  transverse  girders 
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are  12  inches  in  depth  by  6  inches^  and  23  feet  2  inches  in  lengthy  so  that 
they  project  on  each  side  something  more  than  2^  feet  beyond  the  road- 
way beams.  These  girders  are  placed  4  feet  apart.  The  planking,  3  inches 
in  depth,  is  laid  longitudinally  23  feet  8  inches  in  width,  and  the  railway 
sleepers  are  laid  directly  upon  the  girders.  On  each  side  of  the  road-way 
between  the  two  abutments  is  a  substantial  wooden  railing,  five  bars  in 
height,  with  posts  7i  feet  apart.  The  wing  walls,  at  each  end  60  feet 
in  length  from  the  face  of  the  abutments,  are  surmounted  by  a  stone 
parapet  with  small  pilasters  at  the  ends. 

VIADUCT  ACROSS  OUSE  BURN  DEAN. 

Plates  14  and  15. 

This  is  another  work  of  Messrs.  Green,  also  on  the  short  line  of  the 
Newcastle,  North  Shields,  and  Tynemouth  Railway.  It  consists  of  five 
wooden  arches  of  114  and  116  feet  span,  and  four  stone  arches,  namely, 
two  at  one  end  of  43  feet  span  each  and  two  at  the  other  end  of  36  feet 
span  each.  The  necessity  for  these  smaller  arches  at  the  end  arose  in 
consequence  of  the  irregular  shape  of  the  valley,  which  would  not  permit 
the  introduction  of  more  than  five  arches  having  the  same  considerable 
rise  as  those  in  the  centre  of  the  depression.  It  will  be  unnecessary  to  go 
through  a  particular  description  of  this  viaduct,  as  its  construction  closely 
resembles  that  of  Willington  Dean,  which  forms  the  subject  of  the  last 
description.  There  is  some  difference  in  the  foundations  of  the  two  works, 
which  the  plans  will  suflSciently  explain.  The  road-way  also  is  something 
wider  in  the  Ouse  Bum  Viaduct,  being  here  26  feet  wide  between  the 
rails,  and  having  besides  a  foot-path  on  one  side  5  feet  in  width.  Each 
viaduct,  however,  contains  the  same  number  of  ribs,  and  the  general 
construction  of  the  two  works  is  precisely  similar. 


UPPER  WOODEN   BRIDGE  AT  ELYSVILLE,   OVER  THE   PATAPSCO 
RIVER,   ON  THE   BALTIMORE  AND   OHIO   RAILROAD, 

BIGHTEEN    MILES    FROM    BALTIMORE. 

Plates  16,  17,  and  18. 

This  bridge  consists  of  two  arches,  each  of  150  feet  span. 

Fig.  1,  Plate  16,  is  an  isometrical  representation  of  one-half  of  the 
western  arch  next  to  the  pier,  showing  the  manner  of  framing  and  the 
whole  construction  in  all  its  details,  also  the  cast  iron  skew  backs  for  the 
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abutment  of  the  arch  braces  over  the  pier.  The  pier  in  this  bridge  is 
built  at  an  oblique  angle  to  the  direction  of  the  railway,  as  seen  in  figs.  7 
and  9,  but  in  the  isometrical  representation  the  pier  is  shown  at  a  right 
angle  to  the  direction  of  the  railway,  and  consequently  the  floor  beams 
over  the  pier,  and  the  corresponding  suspension  posts  of  both  ribs,  are  also 
at  right  angles  opposite  to  each  other. 

Although  this  drawing  may  appear 
confused  at  first  sight,  a  little  examina- 
tion^will  render  it  intelligible.  It  will  be 
seen  that  all  the  horizontal  lines  in  one 
direction,  that  is,  lengthwise  of  the  rail- 
way, lie  parallel  to  the  edges  of  the  plate ; 
and  all  those  which  represent  horizontal 
breadths  and  vertical  heights  are  inclined 
at  angles  of  60°  to  the  horizontal  lengths,  as  shown  by  the  annexed  figure. 
Now  dimensions  may  be  taken  from  the  drawing  in  any  of  the  directions 
indicated  by  these  three  lines,  and  if  it  be  required  to  measure  a  part  of 
the  structure  which  does  not  conform  to  either  of  these  directions,  it  may 
readily  be  reduced  to  its  true  length  by  the  rules  of  isometrical  projection. 
In  the  drawing  before  us  the  floor  beams  and  the  horizontal  rafters  firom 
which  the  floor  beams  are  suspended  have  their  lengths  in  a  direction 
coinciding  with  AB  in  fig.  1,  their  depths  coinciding  with  CD,  and 
their  breadths  with  E  F.  The  transverse  beams  which  lie  in  a  direction  at 
right  angles  to  the  line  of  the  railway,  have  their  lengths  coinciding  with 
E  F,  their  depths  with  C  D,  and  their  breadths  with  A  B.  Also  the 
vertical  suspension  posts  have  their  lengths  coinciding  with  C  D,  and  their 
other  dimensions  coinciding  with  A  B  and  E  F  respectively.  The  radiating 
arch  braces  not  being  either  horizontal  or  vertical,  but  inclined  to  the 
horizon,  cannot  be  measured  from  the  drawing  without  a  reduction 
similar  to  that  in  the  annexed  example  (fig.  2).  Let  A  B  be  one  of  these 
braces  meeting  the  horizontal  and  ver- 
tical lines  respectively  in  the  points 
A  and  B.  To  find  its  true  length,  draw 
C  D  equal  to  C  B,  and  perpendicular 
to  A  C ;  then  A  D  is  the  true  length 
of  the  radiating  brace  which  appears 
in  the  drawing  in  a  direction  coin- 
ciding with  A  B.  The  scantlings  of 
the  braces  may  be  measured  in  the  isometrical  directions,  as  exnlained 
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for  the  horizontal  beams  from  the  figures  3  to  6  in  Plate  16 ;  and  by  means 
similar  to  those  pointed  out  for  lines  in  different  directions^  the  dimensions 
of  every  part  of  the  framing  may  be  obtained  from  this  drawing. 

Fig.  2  is  an  isometrical  drawing  of  the  cast  iron  skew  back  for  the  arch 
braces  over  the  abutments. 

Fig.  3. — Isometrical  section  of  main  arch  brace^ 

4.  yy  „  2nd  ditto^ 

5.  ^^  „  3rd  ditto^ 

6.  yy  yy  4  th    dittO^ 

showing  their  construction  and  exact  dimensions  on  an  enlarged  scale. 

Fig.  Ty  Plate  18. — Plan  of  the  floor  of  the  western  arch  of  the  bridge, 
with  pier  and  abutment,  showing  the  general  arrangement  of  the  floor 
beams  and  their  braces  and  the  relative  position  to  the  suspension  posts  of 
both  ribs. 

Fig.  8,  Plate  18. — An  elevation  of  the  western  arch,  corresponding  with 

fig.  7. 

Fig.  9,  Plate  17* — General  plan,  showing  the  position  of  the  pier,  the 
two  abutments,  and  the  wing  walls. 

Fig.  10,  Plate  17* — General  elevation  of  the  bridge,  as  finished,  showing 
the  weather  boarding  and  the  roof,  with  an  oblique  front  view  of  the 
eastern  entrance. 

This  bridge  was  erected  in  the  years  1838-9,  to  carry  the  Baltimore  and 
Ohio  Railway  over  the  Patapsco  river.  At  the  same  time  another  bridge 
was  erected  on  the  same  principle,  a  quarter  of  a  mile  lower  down  the 
stream,  this  double  crossing  being  necessary  to  cut  off  a  large  and  abrupt 
bend  of  the  river.  The  Plates  above  described  represent  the  upper  of  the 
two  bridges.  The  lower  bridge  consisted  of  three  arches,  each  of  110  feet 
span,  the  united  length  of  the  two  bridges  being  675  feet.  The  cost  of  the 
two  structures  for  masonry  was  <^10,928,  and  for  the  wood-work  <^1 7^653, 
making  together  -58^28,581.  The  lower  bridge  has  its  floor  supported  at 
one-third  of  the  depth  of  the  truss  frames  from  their  top,  while  the  floor  of 
the  upper  bridge  rests  as  shown  on  the  lower  chords,  and  immediately  on 
the  top  of  the  pier  and  abutments.  The  lower  bridge  is  weather-boarded 
on  the  outside  of  each  rib  for  the  whole  depth,  and  on  the  inside  down 
to  the  floor,  which  last  acts  as  a  roof;  and  the  top  of  each  rib  is  covered 
with  sheet  zinc,  nailed  upon  sheeting  boards,  supported  on  little  rafters. 
The  upper  bridge  is  weather-boarded  on  the  sides  and  roofed  with 
shingles ;  and  the  timbers  of  the  roof  are  protected  from  being  fired  on 
the  inside  by  a  ceiling  of  sheet  iron. 
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These  bridges,  in  one  of  the  mam  features  of  their  framing.  nRtnelj,  it 
radiating  arch  braces,  resemble  the  celebrated  bridge  over  the  Rhine  ii 
Schaffhausen.  With  this  principle,  however,  is  combined  a  syttam  if 
struts  and  tie  rods  which  give  to  the  present  bridge  a  stiffness  and  freeiliM 
from  ^'ibratory  motion  which  that  famous  structure  could  not  boast  <£  II 
is  said  that  even  the  trotting  of  a  dog  over  the  bridge  of  SchafflunM 
causes  it  to  tremble. 

The  Elysville  Bridge  is  built  of  the  American  white  pine  which  h» 
been  used  for  most  of  the  bridges  throughout  the  country.  In  detenninin| 
the  dimeiiaions  of  the  several  timberB  and  their  abutting  joints,  great  ait 
was  taken  to  secure  ample  section  and  surface  to  prevent  the  crippling  or 
bending  of  the  timber  by  the  extreme  pressures  to  which  it  would  be  si^ 
jected. 

This  bridge  affords  a  fine  example  of  ttie  employment  of  wood  b  ibt 
formation  of  a  level  road-way  across  a  great  span,  at  a  cost  too  whicli, 
compared  with  that  of  bridges  in  this  country,  appears  almost  incredibij 
small,  even  taking  into  account  the  cheapness  of  timber  in  America,  Tht 
attention  of  the  reader  is  directed  to  the  manner  in  which  the  upper  dioidi 
or  straining  timbers  are  connected  by  opposite  keys  on  the  outside, — to  the 
mode  in  which  the  lower  chords  are  held  together  by  block  keys  beCwHO 
them,^ — to  the  attachments  of  the  cast  iron  skew  backs  of  the  arch  braces  to 
the  lower  chords, — to  the  way  in  which  the  main  arch  brace  is  huilt  of  three 
timbers,  and  the  other  principal  braces  of  two  timbers  each,— and  to  die 
general  separation  of  the  timbers  wherever  it  was  practicable  by  an  in- 
terval sufficient  to  permit  the  free  access  of  air  to  all  their  sides ; — -to  the 
use  of  cast  iron  plates  between  all  the  principal  abutting  surfaces, — to  the 
mode  in  which  the  floor  is  supported  immediately  at  the  suspension  posts, 
thus  avoiding  cross  strains  upon  the  chords  between  the  posts, — to  the  way 
in  which  the  longitudinal  flooring  joists,  which  lie  immediately  under  tbe 
mils,  are  formed  of  two  pieces  bolted  together  and  breaking  joint  on 
the  alternate  cross  floor  beams, — to  the  perfect  facility  for  adjusting  all 
parts  of  the  framing  by  means  of  keys  and  screws, — and,  finallv,  to  that 
general  effect  of  the  combination  of  all  the  parts  of  the  structure  which 
tends  to  distribute  over  the  whole  framing  the  partial  and  shifting  pressures 
which  passing  loads  bring  upon  it,  and  to  give  the  greatest  strength  and 
stiffness  with  a  limited  amount  of  material. 

The  design  of  this  bridge  was  made  in  the  summer  of  1 838,  by  Benjamin 
II.  Latrohe,  principal  engineer  of  location  and  construction  in  the  semce 
of  the    Baltimore  and  Ohio    Uiiilroad    Company,  and  the  erection  of  the 
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bridge  was  superintended  by  James  Murray,  assistant  engineer,  to  whom 
is  due  the  credit  of  having  suggested  the  manner  in  which  the  main 
arch  braces  should  be  built  of  three  pieces,  as  described  above.  Tlie  first 
locomotive  engine  which  passed  over  the  upper  bridge  weighed  with  its 
train  about  70  tons;  this  load  occupied  successively  the  length  of  each 
arch  (150  feet),  and  caused  a  depression  while  passing  of  not  more  than 
}  of  an  inch  at  the  middle  part  of  the  truss.  Since  that  time  both  bridges 
have  borne,  without  yielding  in  any  part,  the  daily  action  of  a  very  heavy 
traffic,  passing  at  speeds  of  from  10  to  20  miles  an  hour. 


OLD  AND  NEW  LONDON  BRIDGES. 

Plate  19. 
(See  Hosking's  Practical  Treatise.) 

WESTMINSTER  BRIDGE. 
Plates  20,  21,  22,  23,  and  24. 

In  the  year  1735  the  inhabitants  of  Westminster  petitioned  parliament 
on  the  subject  of  a  bridge  across  the  river  for  the  convenience  of  their 
city;  and  although  considerable  opposition  was  raised  against  the  measure, 
an  act  was  passed  to  authorize  a  lottery,  from  the  profits  of  which  a  bridge 
was  to  be  erected  from  New  Palace  Yard  to  the  opposite  shore  of  the 
river.  Prom  some  cause  or  other  the  first  lottery  which  was  attempted 
proved  a  failure,  and  a  second  act  of  parliament  was  passed  in  the  year 
1736,  authorizing  the  issue  of  seventy  thousand  tickets  of  JBIO  each. 
It  was  enacted  that  14  per  cent,  should  be  the  profit  reserved  from  the 
lottery,  and  this  sum,  amounting  to  £98,000,  was  to  be  applied  in 
defraying  the  expenses  of  the  lottery  and  in  the  erection  of  the  bridge. 
For  the  latter  purpose  it  is  said  that  little  more  than  £  70,000  remained. 
The  commissioners  appointed  by  the  act  of  parliament  were  empowered 
to  build  the  bridge  of  any  materials  which  they  might  think  proper;  and 
numerous  designs  were  consequently  sent  in,  amongst  which  were  the  two 
exhibited  in  Plates  20  and  21. 

The  design  for  a  wooden  bridge  of  thirteen  arches  to  be  built  upon  stone 
piers  appears  to  have  been  completely  matured  at  the  time  when  Mait- 
land^s  London  ^  was  published.     He  speaks  of  the  design  as  one  which 

1  The  History  of  London  from  its  foundation  by  the  Komans  to  the  present  time ;  by  William 
Maitlandy  F.R.S.    London,  fol.  1739. 
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was  fully  decided  upon^  and  after  describing  the  method  proposed  for 
founding  the  piers  in  caissons,  continues,  '^  upon  these,  and  the  two  end 
piers,  ^tis  said  will  be  erected  thirteen  wooden  arches !  which  will  not  only 
greatly  redound  to  the  dishonour  of  the  nobility,  gentry,  Slc.,  in  these 
parts,  for  whose  convenience  it  is  chiefly  intended,  but  likewise  to  the 
kingdom  in  general,  to  have  a  disgraceful  wooden  bridge  erected  so  near 
its  capital  city,  which,  as  already  has  been  shown,  has  not,  nor  never 
had,  its  equal  upon  earth,  for  opulency  and  number  of  inhabitants! 
Besides,  the  incomparable  River  Thames  for  the  spaciousness  of  its 
stream,  and  depth  of  its  channel,  deserves  one  of  the  best  and  most 
pompous  edifices  to  be  erected  over  it.  And  for  the  avoiding  reproach 
to  the  nation  (for  nothing  looks  more  mean  and  beggarly  than  a  wooden 
bridge)  ^twere  much  better  to  be  without  a  convenience  at  this  place,  than 
to  have  one  of  various  materials/^ 

Although  Mr.  Maitland^s  abhorrence  of  wooden  bridges  here  carries 
him  rather  too  far,  it  is  probable  that  remonstrances  of  this  kind  con- 
tributed to  the  abandonment  of  a  design  which  would  certainly  have  been 
far  inferior  to  the  present  structure. 

The  original  project  for  erecting  a  bridge  at  Westminster  adds  another 
to  the  long  catalogue  of  instances  where  popular  prejudice  has  blindly 
and  foolishly  opposed  almost  every  kind  of  improvement,  both  local 
and  general,  which  has  ever  been  introduced  into  the  world.  We  are 
informed  that  the  citizens  of  London,  the  inhabitants  of  the  Boroiigh  of 
Southwark,  the  Company  of  Watermen,  and  the  west  country  bargemen, 
severally  petitioned  parliament  against  the  erection  of  the  bridge. 

The  plan  and  elevation  in  Plate  20  exhibit  a  design  for  a  wooden  bridge, 
by  Mr.  John  Wesley,  of  Leicester,  who  is  styled  on  the  Plate  the  father 
of  John  Wesley,  founder  of  the  Wesleyan  Methodists.  There  is,  how- 
ever, some  error  in  this  statement,  because  Samuel  Wesley  was  the  father 
of  the  John  Wesley  from  whom  the  Wesleyans  take  their  name,  and  his 
residence  was  at  Epworth  in  Lincolnshire,  of  which  place  he  held  the 
living. 

His  design  for  a  bridge  at  Westminster,  far  from  possessing  any  merit, 
appears  to  be  a  very  puerile  conception,  and  except  for  the  celebrity  of 
the  name  of  Wesley,  would  probably  never  have  attracted  the  least  notice 
from  amongst  a  great  number  of  others  which  are  still  preserved  as 
curiosities  by  Mr.  Swinburne,  the  resident  engineer  at  the  bridge. 

Plate  21  exhibits  the  design  of  Mr.  James  King  for  a  wooden  bridge 
with   stone   piers.     This   design   was   the   one   actually  selected  by  the 
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commissioners,  and  according  to  which  the  bridge  was  originally  built 
up  to  springing  height.  It  is  this  design  of  which  Mr.  Maitland 
speaks  so  contemptuously  in  the  passage  above  quoted.  Whether  owing 
to  remonstrances  similar  to  those  of  Mr.  Maitland,  or  to  some  other 
cause  which  it  might  now  be  difficult  to  explain,  it  is  certain  that  after 
the  contract  had  been  entered  into  for  a  bridge  according  to  King's 
design,  and  after  the  whole  of  the  piers  had  actually  been  carried  up, 
the  idea  of  a  wooden  superstructure  was  abandoned  in  favour  of  Labelye's 
stone  arches.  Mr.  James  King,  whose  design  was  thus  superseded  by 
that  of  Labelye,  appears  to  have  been  an  ingenious  and  able  master 
of  carpentry,  and  his  name  is  frequently  mentioned  in  very  favourable 
terms  throughout  Labelye's  reports.  His  wooden  arches  have  an  ex- 
tremely antiquated  appearance  in  the  eyes  of  a  modem  engineer;  but 
although  the  arrangement  of  the  timbers  is  complicated,  there  is  certainly 
more  science  and  ingenuity  displayed  than  in  the  other  design  shown 
in  the  preceding  Plate. 

It  should  be  understood,  however,  that  although  the  design  in  Plate  21 
is  commonly  caUed  King's  design,  yet  it  is  only  the  wooden  superstructure 
which  can  fairly  be  assigned  to  him.  The  openings  of  the  several  arches 
and  the  dimensions  of  the  piers  were  all  fixed  by  Labelye,  who  was 
intrusted  with  the  whole  management  of  the  foundations  and  with  the 
work  of  carrying  up  the  piers  to  the  proper  height  for  receiving  the 
wooden  superstructure. 

At  the  time  the  contract  was  entered  into,  in  Jime,  1738,  for  the 
erection  of  the  bridge  according  to  the  combined  designs  of  King  and 
Labelye,  it  had  been  decided  by  the  commissioners  that  the  structure 
should  consist  of  thirteen  arches,  the  piers  for  which  should  be  of  Portland 
stone.  That  these  piers  should  be  carried  up  of  uniform  breadth  to  the 
height  of  1  foot  above  low-water  mark.  That  over  each  of  the  piers 
should  be  carried  up  shafts  of  solid  stone  44  feet  in  length  and  15  feet 
in  height,  the  breadth  of  these  shafts  to  be  8  feet  for  the  first  5  feet 
in  height,  7  feet  for  the  next  5  feet,  and  6  feet  for  the  upper  5  feet. 
Each  shaft  was  to  be  surmounted  by  a  torus  or  capping  course,  the  under 
side  of  which  corresponded  with  the  level  of  high  water.  During  all  the 
time  that  he  was  employed  in  erecting  the  piers  and  shafts  to  support 
King's  superstructure,  Labelye  appears  to  have  been  strongly  impressed 
with  the  superiority  of  his  own  design  for  stone  arches ;  and  in  his  reports, 
and  in  the  pamphlet  which  he  published  in  1739,  during  the  building  of 
the  piers,  he  omits  no  opportunity  of  alluding  to  the  facility  with  which 
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stone  arches  could  be  adapted  to  the  original  piers  and  shafts.  It  is 
a  circumstance  extremely  complimentary  to  the  genius  and  acquirements 
of  Labelye^  that  he  was  able  by  his  own  clear  and  forcible  arguments 
and  explanations  to  induce  the  commissioners  in  the  end  to  adopt  his 
entire  design  of  stone  for  the  whole  bridge.  The  engineering  skill  and 
sagacity  displayed  by  Labelye^  and  the  bold  and  calm  confidence  with 
which  he  contended  against  severe  opposition  in  defence  of  his  darling 
project^  demand  an  additional  share  of  admiration  when  we  consider  thit 
he  was  by  birth  a  native  of  Switzerland^  that  up  to  his  twentieth  year 
he  had  never  heard  one  syllable  of  English  spoken^  that  he  lived  in  t 
time  when  the  acquirement  of  foreign  languages  was  difficult  and  rare, 
and^  above  all^  when  foreigners  were  not  so  imiversally  patronized  in 
England  as  in  these  days  of  toleration  and  liberality.  By  reference  to 
Plate  22  it  will  be  seen  how  the  semicircular  stone  arches  proposed  by 
Labelye  were  afterwards  sprung  from  the  broad  part  of  the  piers,  and  how 
the  shafts  which  had  been  carried  up  above  now  form  part  of  the  filling  in 
between  the  arches. 

Plate  23  shows  the  centering  designed  by  King  for  the  stone  arches 
of  the  present  bridge^  and  here  undoubtedly  there  is  much  credit  due 
to  him  as  the  constructor  of  an  admirable  piece  of  carpentry,  scarcdy 
inferior  in  arrangement  to  the  best  centering  which  modem  ingenuity  and 
skill  have  produced. 

The  whole  length  of  the  present  bridge,  as  shown  in  Plate  24,  is  1164 
feet,  of  which  the  thirteen  arches  have  an  opening  at  the  springing  of 
820  feet,  the  twelve  piers  have  a  section  of  174  feet,  and  the  remaining 
length  of  85  feet  at  each  end  of  the  bridge  is  the  distance  from  the 
springing  of  the  first  arch  to  the  extremity  of  the  wing  walls.  The  entire 
breadth  across  the  bridge  is  44  feet,  of  which  27  feet  are  occupied  by 
the  carriage-way,  and  7  feet  on  each  side  by  the  foot-paths.  The  span  of 
the  smallest  arch  at  each  end  of  the  bridge  is  52  feet,  and  the  spans 
increase  regularly  by  4  feet  in  each  arch  throughout  the  six  on  each  side 
of  the  centre  arch,  which  last  has  a  span  of  76  feet.  Besides  the  thirteen 
arches  which  afford  the  water-way  for  the  river,  there  is  in  each  abutment 
an  arch  of  25  feet  span  which  is  entirely  dry  at  low  water.  All  the  arches 
are  semicircular,  and  the  whole  are  sprung  from  a  line  which  is  about 
1  foot  higher  than  ordinary  low  water.  The  gradual  diminution  of  the 
span,  and  consequently  of  the  rise  of  the  arches  from  the  centre  to  the 
ends  of  the  bridge,  affords  a  sloped  road-way  on  each  side  with  an 
inclination  of  1  in  28.     The  centre  piers,  that  is,  the  piers  of  the  centre 
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:£:arch^  are  each  17  feet  in  thickness  at  the  springing^  and  the  thickness 
i.  of  each  successive  pier  is  diminished  by  1  foot,  the  first  pier  at  each  end  of 
51  the  bridge  being  12  feet  in  thickness.  The  rule  which  Labelye  appears  to 
is  have  followed  in  proportioning  the  thickness  of  his  piers  to  the  spans 
■s  of  the  arches  is  the  following :  calling  S  the  span  of  any  arch,  the  thickness 

— -  S 

"^  of  its  corresponding  pier  will  be  j  —  1.    Thus,  for  example,  the  span  of 

64 
'    the  fourth  arch  from  either  end  of  the  bridge  is  64  feet,  and  ——1  =  15 

feet  the  thickness  of  the  fourth  pier;  and  the  same  of  every  other  arch  and 
its  pier. 

It  is  well  known  that  in  founding  the  piers  of  this  bridge  M.  Labelye 
adopted  the  bold,  and  at  that  time  novel  experiment,  of  building  above 
water  within  a  caisson  or  chest  of  timber,  which  was  finally  sunk  in  the 
proper  position  to  form  a  pier  of  the  bridge.    Of  the  two  systems  of 
founding  under  water,  the  one  by  coffer-dam  and  the  other  by  caisson, 
the  former  is  by  far  the  more  ancient,  and  had  be^n  commonly  practised 
long  before  Labelye's  time  in  France,  in  Holland,  and  even  in  England. 
Labelye,  however,  preferred  the  caisson  system,  on  account  of  the  great 
rise  of  tide  in  the  Thames,  the  difficulty  of  keeping  the  water  from 
oozing  in  at  the  bottom  of  the  dam,  and  the  expense  which  must  have 
"    been  incurred  in  the  construction  of  so  many  separate  dams  as  would 
here  have  been  required.    In  preference,  therefore,  to  a  mode  of  proceeding 
^^    in  which  he  foresaw  so  many  difficulties,  Labelye  adopted  the  expedient 
^    of  founding  by  caisson.     His  ideas  on  this  subject  appear  to  have  been 
"^     entirely  original,  and  tiie  whole  credit  of  invention  appears  to  belong 
^     to  him,  if  we  except  the  rude  form  of  caisson  or  chest  which  had  been 
used  in  Holland  in  the  construction  of  moles,  dykes,  sea  embankments, 
'     and  similar  works.    The  practice  had  been  to  fill  rough  wooden  chests 
with  rubble  stones,  and  sink  them  in  the  line  of  the  intended  bank  or 
rampart,  and  then  to  fill  in  between  them  with  earth  and  stones.    An 
example  of  this  kind  on  a  very  gigantic  scale  is  exhibited  in  the  works 
carried  on  by  Napoleon  at  Cherbourg,  where  immense  caissons  were 
sunk  in  the  construction  of  the  breakwater.     Before  Labelye's  time^ 
however,  the  chests  employed  had  been  very  small,  probably  not  more 
than  16  feet  square,  and  no  care  being  ever  taken  to  provide  a  bed 
for  them,  they  had  been  allowed  to  sink  and  settle  down  in  the  acci- 
dental position  which  they  first  assumed.    The  caissons  for  Westminster 
Bridge,  on  the  other  hand^  were  about  80  feet  in  length  and  30  feet  in 
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.breadth.  They  had  to  support  an  immense  mass  of  masonry  r^olaiij 
built  inside  them,  and  had  to  be  lowered  down  to  a  prepared  bed,  and 
repeatedly  raised  and  lowered  till  they  were  found  to  rest  firmly  and 
securely.  Under  these  circumstances  much  greater  caution  and  many 
more  expedients  were  necessary  than  in  the  management  of  the  old 
caissons. 

The  construction  of  the  caisson  for  building  one  of  the  large  centre 
piers  having  been  described  by  Labelye  himself,  it  may  be  interesting 
to  give  the  details,  which  will  serve,  with  little  variation,  for  those  of  all 
the  other  piers.  The  sides,  he  tells  us,  were  at  first  intended  to  be  SO  feet 
in  height,  but  he  afterwards  found  that  16  feet  was  sufficient.  The 
bottom  of  the  caisson  was  a  strong  grating  of  timber  planked  undemeatL 
The  sides  were  made  of  fir  timbers  12  inches  thick  at  bottomland  9  indies 
at  top.  These  timbers  were  planked  over  inside  and  out  by  vertical 
planking  3  inches  thick,  so  that  the  whole  thickness  of  the  sides  was 
18  inches  at  bottom  and  15  inches  at  top.  The  timbers  were  laid  hori- 
zontally, pinned  with  oak  trenails,  framed  together  at  the  comers,  and 
secured  by  iron  work  at  the  salient  angles.  These  sides^  when  finished, 
were  fastened  to  the  bottom  or  grating  by  twenty-eight  pieces  of  timber 
on  the  outside,  and  eighteen  on  the  inside.  These  pieces  of  timber  were 
3  inches  thick,  8  inches  wide,  and  as  long  as  the  depth  of  the  caisson. 
They  were  dovetailed  at  the  lower  end  so  as  to  fit  into  corresponding 
mortises  cut  in  the  kerb  of  the  grating.  They  were  secured  in  these 
mortises  by  iron  wedges,  and  this  system  of  fastening  the  sides  to  the 
bottom  was  adopted  on  account  of  the  convenience  it  afforded  for  Boating 
off  the  sides  of  the  caisson,  by  simply  driving  out  the  wedges  and  striking 
the  dovetailed  timbers  through  the  mortises  in  w^hich  they  had  been  held. 
The  sides  of  the  caisson  were  prevented  from  being  pressed  in  by  the 
water  outside  by  means  of  ground  timbers  wedged  in  between  the  sides 
of  the  caisson  and  the  first  course  or  plinth  of  the  stone-work.  The  top 
of  the  sides  w^as  secured  by  beams  laid  across  to  support  a  floor  which  the 
masons  and  labourers  used  in  hoisting  stones  out  of  the  lighters  into  the 
caisson.  As  the  stone-work  w^as  carried  up  also,  struts  and  props  were 
occasionally  placed  between  the  stone-work  and  the  sides  whenever  such 
precautions  appeared*  advisable.  The  bottom  of  the  river  for  receiving 
the  caisson  was  prepared  by  dredging  out  a  space  6  feet  in  depth  and 
5  feet  wider  all  round  than  the  base  of  the  caisson.  The  sides  of  this 
excavation  were  formed  with  a  slope  to  prevent  the  earth  falling  in,  and 
in  order  to  guard  against  the  siltiner  in  of  loose  matter  by  currents  of  the 


DESCRIPTION  OF  THE   PLATES.  ci 

river,  a  row  of  dwarf  piles,  with  their  heads  about  4  feet  above  low-water 
mark,  was  driven  at  each  end  of  the  intended  pier  about  10  feet  from  the 
edge  of  the  excavation.  These  piles  were  provided  with  grooves  into 
which  boards  were  fixed  in  order  to  form  a  close  fence  for  the  temporary 
purpose  above  described.  When  the  excavation  for  the  pier  was  supposed 
to  be  finished  to  the  proper  depth,  every  part  of  its  surface  was  gauged 
in  the  most  particular  manner,  in  order  to  detect  every  inequality,  and 
to  be  certain  that  the  whole  space  was  properly  prepared  to  receive  the 
caisson.  The  gauge  employed  consisted  of  a  stone  about  15  inches  square 
and  3  inches  thick,  in  the  middle  of  which  was  fixed  a  wooden  pole  18  feet 
in  height.  This  pole  was  painted  red,  with  divisions  and  figures  in  white, 
so  that  by  noting  the  height  which  the  water  intercepted  on  the  pole,  the 
variation  from  a  true  level  which  any  part  of  the  bottom  presented  was  at 
once  most  accurately  ascertained. 

One  of  the  sides  of  the  caisson  had  a  sluice  fixed  in  it  near  its  bottom, 
so  that  by  opening  this  the  water  could  be  admitted  and  the  caisson  sunk 
at  any  time  required.  When  the  whole  was  put  together,  all  the  joints 
were  well  caulked  and  the  bottom  and  sides  payed  over  with  pitch. 
The  first  three  courses  of  stone  were  placed  in  the  caisson  while  it  was 
kept  floating ;  but  the  engineer  adopted  the  precaution  of  twice  sinking  it, 
namely,  on  the  completion  of  each  of  the  two  first  courses,  in  order  to  see 
if  it  settled  fairly  on  the  bed  prepared  for  it.  When  the  caisson  had  been 
thus  temporarily  sunk,  and  when  it  was  required  to  make  it  again  float, 
the  sluice  was  shut  shortly  before  low  water,  that  is,  when  the  water  in  the 
river  began  to  fall  below  the  top  of  the  caisson.  The  pumps  were  then 
set  to  work,  and  in  about  two  hours'  pumping  the  caisson  was  made  to 
float. 

When  the  third  course  of  the  pier  had  been  set  and  cramped,  the 
necessary  observations  were  made  for  fixing  the  pier  at  right  angles 
to  the  line  of  the  bridge,  and  the  caisson  was  sunk  for  the  last  time, 
the  upper  surface  of  the  stone-work  then  reaching  to  within  2  feet  of 
low-water  mark.  From  that  time  till  the  completion  of  the  pier  up  to 
high  water,  the  building  was  carried  on  during  the  intervals  which  the 
tide  afforded.  As  soon  as  the  surface  of  water  in  the  river  was  below 
the  top  of  the  caisson  the  sluice  was  shut  and  the  water  pumped  out ;  the 
masons  then  continued  to  work  till  the  tide  again  rose  above  the  top 
of  the  caisson.  At  first  it  was  necessary  to  leave  the  sluice  open  nearly 
till  low  water,  in  order  to  guard  against  the  floating  of  the  caisson  after 
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it  had  been  permanently  fixed ;  but  when  a  sufficient  weight  of  maaonrj 
had  been  placed  in  it^  this  precaution  was  not  necessary^  and  the  whole 
time  was  available  for  building  during  which  the  water  outside  was  belov 
the  top  of  the  caisson^  except  the  time  occupied  in  pumping  out  the  witer 
low  enough  for  the  masons  to  work.  Such,  with  little  yariation^  was  die 
method  employed  by  Labelye  in  founding  the  two  centre  piers.  It  seems 
to  have  been  an  error  on  the  part  of  the  engineer  to  dispense  with  piling 
in  the  foundations  of  these  piers,  as  considerable  expense  has  been  latdj 
incurred  in  securing  the  foimdations.  About  fifty-six  piles  were  diiyen  ai 
fender  piles  to  protect  the  two  large  piers  while  building.  These  |»lei 
were  driven  by  the  celebrated  horse  pile  engine  designed  for  the  purpoie 
by  James  Valoue,  an  ingenious  watchmaker.  The  ram  of  this  engine 
weighed  1 700  lbs.,  and  when  worked  with  three  horses^  the  ram  biJha^ 
from  a  height  not  exceeding  8  or  10  feet,  gave  about  five  strokes  in  tvo 
minutes.  These  fender  piles  were  34  feet  in  length,  and  13  or  14  indies 
square.  They  were  driven  down  7  feet  apart  and  13  or  14  feet  into  tk 
bed  of  the  river. 

We  have  already  mentioned  that  the  piers  intended  to  support  King's 
superstructure  are  concealed  by  the  spandrils  of  the  present  bridge  firom 
the  level  of  the  low- water  mark,  that  is,  from  the  springing  of  the  stone 
arches.  These  spandrils  are  built  of  Purbeck  stone  in  radiating  counei, 
as  in  the  Rialto  at  Venice,  the  great  arch  at  Vicenza,  and  in  a  groin  arcfa 
which  M.  Labelye  mentions  at  Blenheim.  The  spaces  between  the 
spandrils  are  filled  in  soUd  with  ballast  and  rubble. 

The  piers,  abutments,  and  arches  are  built  of  Portland  stone.  Tlie 
arch -stones  are  mostly  about  2  feet  4  inches  in  depth,  and  2  feet  5  inches 
thick.  Tlie  centre  arch  has  forty-nine  voussoirs  or  courses  of  arch-stones, 
and  the  number  in  each  arch  diminishes  by  two,  the  52  feet  arches  having 
each  thirty-seven  voussoirs.  The  masonry  of  the  piers  is  built  solid,  and 
below  high-water  mark  is  laid  in  mortar  made  with  Dutch  terras.  The 
fronts  of  the  piers  and  of  the  arch-stones,  and  the  soflSts  of  the  arches,  are 
chamfered.  The  spandril  walls  are  surmounted  by  a  bold  projecting  blod 
cornice,  which  is  carried  round  the  projections  of  the  piers  which  form 
recesses  in  the  line  of  the  foot-way.  The  centering,  of  which  one  of  the  ribs 
is  exhibited  in  Plate  23,  consisted  of  five  fir  ribs  which  rested  on  transvene 
and  longitudinal  oak  sleepers,  and  the  ribs  were  secured  transversely  to 
each  other  by  cross  ties.  The  timber  used  for  the  centering  was  mostly 
Riga  fir,  cut  into  logs  13  inches  square.   The  quantity  used  for  the  centering 
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river,  a  row  of  dwarf  piles,  with  their  heads  about  4  feet  above  low-water 
mark,  was  driven  at  each  end  of  the  intended  pier  about  10  feet  from  the 
edge  of  the  excavation.*  These  piles  were  provided  with  grooves  into 
which  boards  were  fixed  in  order  to  form  a  close  fence  for  the  temporary 
purpose  above  described.  When  the  excavation  for  the  pier  was  supposed 
to  be  finished  to  the  proper  depth,  every  part  of  its  surface  was  gauged 
in  the  most  particular  manner,  in  order  to  detect  every  inequality,  and 
to  be  certain  that  the  whole  space  was  properly  prepared  to  receive  the 
caisson.  The  gauge  employed  consisted  of  a  stone  about  15  inches  square 
and  3  inches  thick,  in  the  middle  of  which  was  fixed  a  wooden  pole  18  feet 
in  height.  This  pole  was  painted  red,  with  divisions  and  figures  in  white, 
so  that  by  noting  the  height  which  the  ¥rater  intercepted  on  the  pole,  the 
variation  from  a  true  level  which  any  part  of  the  bottom  presented  was  at 
once  most  accurately  ascertained. 

One  of  the  sides  of  the  caisson  had  a  sluice  fixed  in  it  near  its  bottom, 
so  that  by  opening  this  the  water  could  be  admitted  and  the  caisson  sunk 
at  any  time  required.  When  the  whole  was  put  together,  all  the  joints 
were  well  caulked  and  the  bottom  and  sides  payed  over  with  pitch. 
The  first  three  courses  of  stone  were  placed  in  the  caisson  while  it  was 
kept  floating ;  but  the  engineer  adopted  the  precaution  of  twice  sinking  it, 
namely,  on  the  completion  of  each  of  the  two  first  courses,  in  order  to  see 
if  it  settied  fairly  on  the  bed  prepared  for  it.  When  the  caisson  had  been 
thus  temporarily  sunk,  and  when  it  was  required  to  make  it  again  float, 
the  sluice  was  shut  shortly  before  low  water,  that  is,  when  the  water  in  the 
river  began  to  fall  below  the  top  of  the  caisson.  The  pumps  were  then 
set  to  work,  and  in  about  two  hours'  pumping  the  caisson  was  made  to 
float. 

When  the  third  course  of  the  pier  had  been  set  and  cramped,  the 
necessary  observations  were  made  for  fixing  tiie  pier  at  right  angles 
to  the  line  of  the  bridge,  and  the  caisson  was  siuik  for  the  last  time, 
the  upper  surface  of  the  stone-work  then  reaching  to  within  2  feet  of 
low-water  mark.  From  that  time  till  the  completion  of  the  pier  up  to 
high  water,  the  building  was  carried  on  during  the  intervals  which  the 
tide  afibrded.  As  soon  as  the  surface  of  water  in  the  river  was  below 
the  top  of  the  caisson  the  sluice  was  shut  and  the  water  pumped  out;  the 
masons  then  continued  to  work  till  the  tide  again  rose  above  the  top 
of  the  caisson.  At  first  it  was  necessary  to  leave  the  sluice  open  nearly 
till  low  water,  in  order  to  guard  against  the  floating  of  the  caisson  after 
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FOOT  BRIDGE  OVER  THE  WHITADDER,  AT  ABBEY  ST.  BATHANS. 

Plate  25. 

This  is  a  bridge  erected  from  the  designs  of  Messrs.  Robert  StevensoD 
and  Sons,  of  Edinburgh,  on  the  property  of  George  Tumbull,  Esq.,  at 
Abbey  St.  Bathans,  Berwickshire. 

This  work  exhibits  an  application  of  the  wrought  iron  tension  bar  to  tbe 
purpose  of  strengthening  the  honzontal  beams  which  support  tbe  road- 
way. The  strength  which  is  produced  by  the  employment  of  the  tensioD 
bar  is  equivalent  to  the  force  by  which  it  resists  extension  in  the  directioo 
of  its  length,  or  it  is  equal  to  that  power  which  would  be  required  to  cause 
an  extension  of  the  bar.  The  tension  principle  has  lately  been  eztensiyely 
employed  in  this  country,  particularly  in  numerous  railway  bridges  and 
viaducts.  The  particular  mode  in  which  the  bar  is  disposed^  in  order  that 
a  strain  upon  the  beam  shall  act  as  a  direct  force  of  tension  upon  die 
bar,  may  be  varied  considerably  from  the  design  now  before  us ;  and  tbe 
more  common  practice  appears  to  be  that  of  fixing  the  extremities  of 
the  chain  somewhat  above  the  upper  surface  of  the  beam,  and  giviog 
it  such  a  curve  that  it  shall  not  hang  below  the  under  surface  of  the  beam. 

All  bridges  on  the  tension  bar  principle  may  be  considered  as  a  modifi- 
cation of  the  chain  bridge  of  suspension,  since,  in  common  with  the  latter, 
they  all  acquire  their  strength  from  the  resistance  opposed  by  the  iron 
to  the  force  of  extension.  The  ordinary  chain  bridge,  however,  involves 
the  necessity  of  high  piers  on  which  to  support  the  chains  in  the  form  of  a 
catenary  before  the  road-way  can  be  suspended  below  them :  considering 
this,  the  tension  bar  bridge  presents  not  nearly  so  close  a  resemblance 
to  the  common  chain  bridge  as  it  does  to  the  form  of  suspension  bridge 
designed  by  Mr.  Stevenson  for  the  river  Almond,  on  the  road  between 
Edinburgh  and  Queensferry.  In  this  latter  bridge  there  was  no  masonry 
above  the  level  of  the  road-way,  but  the  chains  were  to  hang  over  the 
top  of  the  abutments,  and  to  be  secm-ed  at  the  back  of  them  without  high 
piers  of  suspension.  The  road-way  was  supported  above  the  chains  by 
uprights  resting  upon  these,  so  that  this  design  presents  a  much  closer 
analogy  with  the  general  class  of  tension  bar  bridges,  in  all  of  which 
the  road-way  is  above  the  bar.  Again,  the  tension  bar  bridge  is  pecuhar  in 
this, — and  in  this  it  deserves  to  be  distinguished  from  all  other  kinds  of 
bridges  resisting  by  extension, — that  the  tension  bar,  instead  of  being  hung 
as  a  catenary,  independent  of  the  road-way  which  it  supports,  is  here  com- 
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of  the  middle  arch  was  about  160  loads.^  The  same  centres  which  were 
constructed  for  the  arches  on  the  Middlesex  side  were  afterwards  used  for 
the  corresponding  arches  on  the  Surrey  side. 

Although  upon  the  whole  Labelye  is  entitled  to  great  credit  alike  for 
the  design  and  the  execution  of  the  works  connected  with  Westminster 
Bridge^  he  certainly  committed  a  serious  error  in  leaving  his  caisson 
bottoms  in  such  an  exposed  condition  that  one  of  them  was  actually 
damaged,  and  a  considerable  settlement  occasioned  to  the  pier  resting 
upon  it,  before  the  bridge  was  completed.  The  pier  which  is  here  spoken 
of,  being  the  fourth  pier  on  the  Westminster  side  of  the  bridge,  was 
imdermined  below  the  caisson  bottom  by  the  removal  of  ballast  from 
the  bed  of  the  river  too  near  to  the  foundations.  This  caused  the  pier 
to  sink  more  than  12  inches  at  one  end,  and  upwards  of  13  inches  at 
the  other  end ;  in  addition  to  which,  the  arches  on  each  side  of  it  were  so 
severely  fractured  that  they  had  to  be  taken  down  and  rebuilt.  These 
works  of  reparation  caused  the  opening  of  the  bridge  to  be  delayed  for 
three  years.  Of  late  years  also  considerable  expenses  have  been  incurred 
in  affording  additional  protection  to  the  foundations.  It  has  been  said 
that  Labelye  ought  on  no  account  to  have  omitted  the  precaution  of 
driving  piles  below  his  caisson  bottoms.  To  those,  however,  who  would 
impute  blame  to  one  who  with  so  few  examples  to  guide  him,  was  obliged 
to  depend  so  much  upon  his  own  unaided  judgment,  it  may  be  sufficient 
to  suggest,  that  for  any  error  of  this  kind  the  engineer  of  Westminster 
Bridge  is  absolutely  undeserving  of  any  censure  in  comparison  with  that 
which  is  justly  incurred  by  a  modem  engineer  when  he  commits  a  similar 
mistake. 

The  bridge  was  completed  in  1750,  at  a  cost  of  £224,857^  and  opened 
for  pubUc  traffic  in  the  same  year. 

At  the  present  time,  something  more  than  ninety  years  after  the 
completion  of  the  bridge,  the  increased  accommodation  required  for  the 
passage  of  vehicles  across  this  great  public  thoroughfare  is  about  to  be 
provided  for  by  an  additional  width  of  12  feet  to  be  given  to  the  carriage- 
way of  the  bridge.  For  this  purpose  several  coffer-dams  have  been  con- 
structed, within  which  the  southern  ends  of  several  of  the  piers  have  been 
lengthened,  and  it  is  expected  that  the  operation  will  shortly  be  completed 
along  the  whole  line  of  the  bridge. 


^  For  some  of  these  particulars  we  are  indebted  to  Mr.  Wishart's  account  in  the  Manuscript 
Papers  of  the  Institution  of  Civil  Engineers. 
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iron^  which  serve  to  keep  the  upright  supports  in  their  places,  and  to  gife 
lateral  stiffness  to  the  bridge.  The  road-way  planking  consists  of  pieoei 
4  feet  9  inches  in  length  by  2^  inches  in  depths  and  the  uprights  of  die 
wooden  railing  are  bolted  to  the  longitudinal  wooden  beams.  Hie  wkok 
cost  of  the  bridge  was  £238. 


WEYMOUTH  NEW  BRIDGE. 
Plate  26. 

This  bridge  appears  from  the  Plate  to  consist  of  two  stone  arches,  eadi 
of  55  feet  span,  with  an  iron  swivel  arch  in  the  centre  of  34  feet  span. 

We  regret  that  in  consequence  of  the  death  of  George  Moneypenny, 
Esq.,  the  engineer  of  this  bridge,  we  are  unable  at  present  to  give  any 
details  of  its  construction.  Arrangements  will  be  made,  however,  for 
supplying  the  deficiency  in  a  second  edition  of  this  work. 


HUTCHESON   BRIDGE,   GLASGOW. 
Plates  27,  28,  29,  30,  31,  32,  and  33. 

This  is  a  stone  bridge  erected  over  the  River  Clyde,  from  the  designs 
and  under  the  direction  of  Robert  Stevenson,  Esq.,  Civil  Engineer,  of 
Edinburgh. 

The  specification  of  Hutcheson  Bridge  being  given  in  full  in  the  first 
volume  of  this  work,  where  the  reader  will  also  find  an  historical  notice  by 
Lawrence  Hill,  Esq.,  Chamberlain  of  Hutcheson's  Hospital,  at  Glasgow, 
it  will  be  unnecessary  to  say  any  thing  in  this  place  by  way  of  description 
of  the  bridge. 

The  specification,  it  will  be  observed,  is  written,  as  all  specifications 
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necessarily  must  be^  in  anticipation  of  the  actual  execution  of  the  works^ 
directing  the  particular  forms  and  manner  of  construction  which  are  to  he 
observed,  and  affording  no  information  with  respect  to  any  departure  or 
variation  from  the  original  intentions  during  the  progress  of  the  work. 
In  the  present  case,  however,  Mr.  Hill's  descriptive  account  supplies  a 
notice  of  the  principal  variations  made  from  the  specification,  or  rather 
/  it  acquaints  us  with  the  alternative  which  was  followed  under  circumstances 
in  which  Mr.  Stevenson  had  deemed  it  expedient  to  avoid  positive  direc- 
tions in  his  specification.  The  pile-work  of  the  foundation  is  here  alluded 
to.  On  reference  to  p.  Ill,  voL  i.,  where  this  pile-work  is  described,  it 
will  be  found  that  Mr.  Stevenson  imticipated  that  the  foundation  might 
prove  so  soft  and  imsoimd  as  to  require  an  increase  in  the  number  of  piles 
specified,  and  particularly  to  require  that  the  outer  row  of  bearing  piles  for 
the  masonry  to  rest  upon,  instead  of  being  driven  as  usual  several  feet 
apart,  should  be  driven  close  together,  after  the  manner  of  sheeting  piles. 
Now,  Mr.  Hill's  account  informs  us  that  in  the  execution  of  the  work  this 
was  actually  found  necessary  for  the  northern  abutment,  in  which  the 
platform  was  made  larger  than  originally  specified ;  the  number  of  bearing 
piles  was  increased,  and  the  outer  row  of  these  driven  close,  as  already 
described.  Mr.  Hill  also  states  that  the  sheeting  piles  in  the  inner  row  of 
the  coffer-dam  for  this  abutment  were  not  drawn,  but  were  permanently 
driven  home,  as  an  additional  security  to  the  foundation. 

Of  the  seven  Plates  referring  to  this  bridge,  three  are  of  a  highly  inte- 
resting kind,  and  represent  the  construction  in  a  way  which  is  somewhat 
novel,  at  least  in  English  works.  These  Plates  derive  their  chief  merit 
from  the  combination  of  numerous  very  clever  sketches  of  figures  and 
machines,  with  a  correct  orthographic  representation  of  the  building  at 
certain  stages  of  its  progress.  Thus,  in  Plate  28,  the  student  is  presented 
with  an  admirable  picture  of  the  condition  of  the  work  at  the  time  when 
the  piers  and  abutments  are  all  carried  up  to  the  springing  height  and  the 
arches  are  in  various  degrees  of  progress.  The  time  here  chosen  is  one  of 
considerable  interest  and  importance  in  the  execution  of  the  work,. and 
none  could  be  better  selected  for  a  display  of  the  numerous  expedients  and 
resources  which  are  applied  in  the  modem  practice  of  bridge  building. 
The  letters  of  reference  in  this  Plate  are  accompanied  by  a  brief  catalogue 
of  the  various  parts  of  the  bridge,  and  of  the  centering  and  machines  in 
iise ;  and  it  will  only  be  necessary,  in  order  to  a  fall  explanation,  to  enlarge 
a  little  upon  this  catalogue. 

In  the  first  place,  the  attention  Qi  the  student  is  requested  to  the  service 
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road-way  G  6,  which  is  a  temporary  structure  of  timber  balks  laid  acrai 
from  pier  to  pier^  and  having  two  intermediate  supports  in  each  ardu 
The  balks  composing  the  sendee  road-way  are  laid  a  sufficient  width  i^iart 
to  afford  support  for  the  wheels  of  the  small  waggons  cce  which  tivfel 
upon  it.  A  light  iron  railway  is  lidd  down  upon  the  senriee  road-way. 
Above  the  service  road-way  is  raised  a  kind  of  skeleton  acaffoLding  to 
support  the  building-waggons  as  they  are  moved  in  sucoesaion  over  the 
parts  of  the  arch  where  the  stones  are  required  to  be  set.  This  scaflfoldiag 
rests  upon  wooden  standards  raised  upon  each  of  the  fners  and  upcm 
intermediate  uprights.  The  scaffolding  consists  of  two  lines  of  logs  oo 
that  side  of  the  bridge  where  the  service  road  is  laid^  and  of  <me  line  of 
logs  on  the  other  side.  When  the  building-waggons  are  to  be  employed 
over  any  particular  part  of  the  work^  two  transverse  beams  are  laid  down 
across  the  top  of  the  scaffolding,  and  these  beams  being  famished  with 
iron  rails,  or  round  bars  of  iron^  for  the  wheels  to  run  upon^  the  bniUBng- 
waggons  are  easily  pushed  from  one  side  of  the  bridge  to  the  odier^  jut 
over  the  spot  where  the  stones  are  to  be  set  in  the  work.  It  will  be 
observed  that  in  the  operations  here  represented  a  sufficient  number  of 
men  are  required  to  be  stationed  on  the  top  to  work  the  boildii^- 
waggons^  which  it  will  be  observed  are  merely  moveable  cranes,  and  also 
that  there  is  no  contrivance  for  moving  the  firames  to  support  these 
building-waggons.  We  are  therefore  inclined  to  think  that  although  this 
kind  of  machinery  works  very  well  when  once  adjusted  in  its  proper 
position,  so  that  the  building-waggons  may  travel  just  over  their  work,  yet 
a  good  deal  of  trouble  must  be  occasioned  in  shifting  the  firames  forward 
over  each  successive  part  of  the  work.  Upon  the  whole,  we  greatly  prefer 
the  complete  machine  called  a  travelling  crane,  which  is  furnished  with 
small  wheels  for  travelling  on  the  service  road,  and  in  which  there  are  two 
separate  powers,  one  for  causing  it  to  advance  backwards  or  forwards,  and 
another  for  moving  the  building-waggon  into  any  required  position.  In 
the  most  complete  travelling  cranes  also  the  men  are  not  reqiiired  to  be 
mounted  on  the  top  of  the  scaffold,  but  work  on  a  stage  at  the  same  lerel 
as  the  service  road  itself. 

The  scaffolding  in  Plate  28  is  only  shown  completed  over  three  of 
the  arches,  but  the  dotted  lines  over  the  other  two  indicate  its  continuation 
entirely  across  the  bridge.  In  the  first  arch  on  the  left-hand  side  the  men 
are  employed  in  fixing  the  long  beams  of  the  centering  by  means  of  ^leer 
poles,  ropes,  and  pulleys.  In  the  second  arch  the  ribs  of  the  centering  ait 
all  fixed,  and  men  are  carrying  battens  on  both  sides  of  it  to  form  the 
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covering  for  the  reception  of  the  arch-stones.  In  the  third  arch  a  number 
of  the  courses  are  set  on  each  side^  and  a  weight  D  is  placed  on  the  centre 
to  balance  the  pressure  laid  upon  the  haunches  of  the  centering.  In  the 
fourth  arch  the  building-waggons  are  seen  in  operation^  setting  the  stones 
in  their  places^  and  the  fifth  arch  is  shown  complete. 

At  each  end  of  the  bridge,  stones  for  the  arches  are  arriving  in  trucks, 
and  are  being  removed  by  cranes  into  the  railway  waggons,  which  are 
pushed  along  the  service  railway  till  they  come  under  the  building-waggons, 
ready  to  be  hauled  up  and  lowered  down  to  their  proper  places  in  the 
work.  The  implement  by  means  of  which  the  stones  are  raised  and  held 
in  suspension  to  be  lowered  on  to  the  railway  waggons,  is  weU  known 
under  the  name  of  the  Devil^i  claws.  Its  construction  is  such  that  the 
greater  the  weight  of  the  stone  the  greater  is  the  force  with  which  the 
claws  are  pressed  into  it,  and  hence  its  value  for  purposes  of  this  kind 
where  the  masses  to  be  moved  are  very  heavy,  and  where  the  consequences 
of  a  fall  would  be  very  serious. 

Plate  29  shows  the  building  apparatus  as  seen  in  a  cross  section  through 
one  of  the  arches.  The  width  of  the  service  road-way  is  here  shown,  also 
the  frame  for  supporting  the  building-waggon,  and  one  of  the  standards 
supporting  the  sdiffblding. 

The  remaining  Plates  of  this  bridge  will  be  so  clearly  understood  by  the 
aid  of  the  specification  as  to  require  no  further  explanation. 


BRIDGE  OVER  THfi  RIVER  SCHUYLKILL,  AT  MARKET  STREET, 

PHILADELPHIA. 

Plates  34  and  35.^ 

This  is  a  wooden  bridge  of  494  feet  water-way,  erected  upon  stone  piers 
across  the  River  Schuylkill.  The  bridge  was  commenced  in  1799?  but  was 
not  completed  till  1805.  It  consists  of  one  centre  arch  of  194  feet  span, 
and  two  side  arches  of  150  feet  each. 

The  River  Schuylkill  at  this  place  is  of  considerable  depth,  being  as 
much  as  28  feet  at  low  water.  The  bed  of  the  river  is  composed  of  soft 
alluvial  mud,  in  consequence  of  which  it  was  necessary  to  excavate  down 
to  the  solid  gneiss  rock  which  extends  under  the  river.     The  foundation 

'  The  reader  will  perceive  that  the  scales  to  both  these  Plates  are  figured  wrong.  In  Plate  34 
the  figures  20  and  40  should  be  respectively  100  and  200  feet ;  and  in  Plate  35  the  figures  1,  2,  3, 
and  4,  should  be  replaced  by  5, 10,  15.  and  20. 
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of  the  western  pier  is  41  feet  9  inches  below  high-water  mark^  and  that  of 
the  other  pier  is  26  feet  below  the  same  level. 

In  founding  the  deepest  of  these  piers  a  coffer-dam  of  very  large 
dimensions  was  required.  The  western  pier  is  35  feet  in  thickness  at 
the  foundation^  and  25  feet  at  the  level  of  high  water^  the  masonry  being 
carried  up  with  a  batter  of  an  inch  and  a  half  to  the  foot.  At  the  level  of 
high  water  is  a  set-off  which  diminishes  the  thickness  of  the  pier  to 
22  feet;  this  thickness  decreases  with  the  same  batter  as  below,  till  at 
the  under  side  of  the  springing  course  it  measures  19  feet.  The  other 
pier  is  33  feet  in  thickness  at  the  foundation,  and  25^  feet  at  the  levd 
of  high  water,  the  batter  being  the  same  as  in  the  other  pier.  The 
thickness  under  the  springing  is  also  the  same  in  both  piers.  The  ends 
of  the  piers  are  semicircular,  and  the  whole  height  and  thickness  are  built 
of  solid  masonry.  The  length  of  the  piers  from  end  to  end  at  the  levd  of 
the  springing  is  66  feet. 

The  abutments  and  wing  walls  are  built  perpendicular,  withoiit  bat- 
tresses.  The  abutments  are  of  solid  masonry  18  feet  in  thickness;  the 
wing  walls  are  9  feet  thick  at  the  foundations,  their  thickness  diminishing 
by  offsets  to  18  inches  at  the  parapet.  The  eastern  abutment  and  wmg 
walls  (right-hand  side  of  the  Plate)  are  founded  on  rock,  but  those  .on  the 
western  side  are  built  on  piles.  The  masonry  of  the  piers  is  strengthened 
by  numerous  chains  laid  across  them  in  various  positions. 

The  timber  superstructure  consists  of  three  frames  in  each  arch.  These 
frames  have  been  designed  on  the  principle  of  imitating  by  the  timber- 
work  the  arrangement  of  the  voussoirs  in  a  stone  arch.  Thus  the  whole 
space  between  the  curved  soffit  of  the  arches  and  the  upper  line  of  the 
framing  is  divided  by  the  radiating  queen-posts  into  a  series  of  compart- 
ments exactly  corresponding  with  the  arch-stones  in  a  stone  bridge ;  and 
the  two  halves  of  each*  adjacent  pair  of  queen-posts,  with  the  diagonal 
brace  between  them,  may  be  considered  as  a  separate  voussoir. 

The  details  of  the  framing  will  be  understood  on  reference  to  Plate  35, 
in  which  the  corresponding  parts  are  denoted  in  each  figure  by  the  same 
letters  of  the  alphabet.  It  appears  that  the  lower  or  curved  part  of  the 
frame,  namely,  that  which  is  called  the  rib  in  Plate  35,  is  composed  of 
two  pieces,  each  16  inches  in  depth  by  14  inches  in  breadth;  and  these 
pieces  are  framed  close  together  and  bolted  at  short  intervals  with  two 
bolts,  as  shown  in  Plate  35.  At  distances  of  17  feet  on  this  rib  a  groove 
is  cut  in  each  of  the  timbers  composing  it,  to  receive  the  end  of  the  queen- 
post,  as  shown  by  the  perspective  sketch  of  D  in  Plate  35.     The  qneen- 
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post  has  corresponding  grooves^  as  shown  by  the  sketch  of  E,  and  the 
timbers  of  the  rib  are  secured  to  it  by  two  trenails,  as  shown  in  the  side 
view.  Pieces  of  timber  are  framed  in  between  the  bases  of  the  queen- 
posts,  so  as  to  rest  immediately  upon  the  top  of  the  ribs,  and  thus  aid 
in  resisting  the  thrust  of  the  diagonal  queen-braces  upon  the  shoulders 
at  the  base  of  the  queen-posts.  These  timbers  are  shown  in  the  side 
view  and  in  the  general  elevation.  The  chords,  which  might  be  also 
termed  the  longitudinal  timbers  for  supporting  the  road-way,  are  com- 
posed, like  the  ribs,  of  two  separate  logs,  bolted  together  at  short  intervals. 
These  logs  are  each  14  inches  square,  and  wherever  they  are  crossed 
by  the  queen-posts,  part  of  their  thickness  is  cut  out  of  each  in  the  same 
way  as  out  of  the  ribs,  and  as  shown  by  the  sketch  of  G  in  Plate  35. 
Like  the  ribs,  they  are  further  secured  to  the  queen-posts  by  two  trenails 
at  each  crossing.  The  ends  of  the  road-way  girders  are  seen  resting  upon 
the  chord  in  the  general  elevation  and  in  the  side  view,  and  they  are 
shown  lengthways  in  the  cross  section.  Along  the  top  of  the  queen- 
posts  is  laid  a  log  of  timber  14  inches  square,  marked  a  in  Plate  35. 
This  log,  called  the  plate,  is  firmly  secured  by  an  iron  strap  to  the  head 
of  each  queen-post.  Immediately  beneath  this  plate,  pieces  of  timber 
are  framed  between  the  tops  of  each  of  the  queen -posts,  to  serve  the 
same  purpose  of  resisting  the  thrust  of  the  queen-braces,  as  already 
described  with  respect  to  the  corresponding  timbers  at  the  foot  of  the 
queen-posts.  Resting  upon  the  plate,  pieces  of  timber  (B)  are  laid 
across  the  bridge  from  frame  to  frame  at  the  tops  of  each  of  the  queen- 
posts.  These  pieces  serve  as  the  straining  or  tie-beams  for  a  roof 
where  necessary.  Part  of  the  framing  of  a  roof  is  shown  in  the  cross 
section,  but  no  part  to  correspond  appears  in  the  other  views.  The 
brackets  between  the  cross  pieces  (B),  the  bolts  by  which  these  brackets 
are  attached,  and  the  iron  straps  securing  the  platf  s  to  the  heads  of  the 
queen-posts,  are  all  shown  in  the  side  view  and  cross  section  of  Plate  35. 

It  will  be  seen  from  the  plan,  Plate  34,  that  the  bridge  has  three 
frames;  and  as  the  centre  frame,  like  those  of  the  outside,  rises  con- 
siderably above  the  level  of  the  road-way,  being,  in  fact,  precisely  similar 
to  the  outside  frames  which  have  been  just  described,  it  is  evident  that 
the  road- way  is  thus  divided  longitudinally  into  two  parts,  from  one  to 
the  other  of  which  carriages  are  unable  to  cross.  To  compensate  for 
this,  the  width  of  each  division  is  sufficient  for  the  passage  of  two  carriages 
abreast.  The  space  across  the  bridge  between  the  centre  and  each  of 
the  side  frames  is  18  feet  6  inches,  of  which  5  feet  on  each  side  of  the 
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bridge  consists  of  a  foot-path  raised  above  the  carriage-way^  and  proteded 
by  posts  and  chains.    Thus  the  width  of  each  carriage-way  is  1S\  feel. 

The  following  additional  particulars  of  measurement  may  be  uaefiil  to 
those  who  wish  to  avoid  repeated  reference  to  the  Plates. 


PARTICULARS. 

Length  of  the  bridge  saperstructure 
Length  of  abatments  and  wing  walls 
Span  of  small  arches,  each 
Span  of  centre  arch 
Width  of  the  bridge      . 
Versed  sine  or  rise  of  centre  arch   . 
Versed  sine  or  rise  of  small  arches 
Versed  sine  or  rise  of  chords 
Height  from  the  surface  of  the  river  to  the  carriage- 
Height  in  the  clear  over  the  carriage-way 
Thickness  of  each  pier 
Length  of  each  pier       .... 
Depth  of  water  on  foundation  of  western  pier 
Depth  of  water  on  foundation  of  eastern  pier 


way 


550 

750 

150 

194 
42 
12 
10 
8 
91 
13 
20 
68 
41i 
21 


The  whole  cost  of  this  bridge  was  JS'  295,000^  which  includes  a  smn  of 
S'  45^000  paid  to  the  corporation  of  the  city  of  Philadelphia  for  the  sile 
of  the  structure. 

The  superstructure  was  designed  and  erected  by  Timothy  Palmer,  of 
Massachussetts ;  and  the  coffer-dam,  which  was  a  very  difficult  and  ex- 
tensive work,  was  designed  by  William  Weston,  an  EngUsh  engineer. 


CHEPSTOW  BRIDGE. 

Plates  36,  37,  38,  44,  45,  46,  and  47. 

This  is  a  bridge  erected  over  the  River  Wye  by  Messrs.  Rastriok  and 
Hazledine,  of  Bridgenorth,  at  the  joint  expense  of  the  comities  of  Mon- 
mouth and  Gloucester,  which  at  this  place  are  separated  by  the  river. 
The  bridge  consists  of  five  arches,  namely,  a  centre  one  of  112  feet  span, 
two  side  arches  of  70  feet  span,  and  two  others  of  34  feet  each*  The  picn 
and  abutments  are  of  dressed  ashlar  masonry,  the  stone  having  been 
principally  procured  from  the  quarries  at  W^hitchurch,  in  the  forest  of 
Dean.  The  arches  are  formed  by  cast  iron  ribs,  and  surmounted  by 
a  handsome  wrought  iron  railing. 
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Amongst  the  rivers  of  this  country^  few  are  more  celebrated  for  the 
extreme  beauty  of  their  scenery  than  the  Wye  in  the  neighbourhood  of 
Chepstow.  Through  mighty  clefts  hewn  in  the  old  red  sandstone  and 
mountain  limestone  of  the  district  by  gigiantic  natural  forces^  this  river 
pursues  its  course  from  Monmouth  to  the  Severn^  into  which  river  it  falls 
about  a  mile  below  Chepstow.  From  one  of  the  magnificent  cliffs  which 
overhang  the  vale  of  the  Wye,  its  winding  course  may  be  seen  for  many 
miles,  and  traced  with  almost  as  much  minuteness  of  detail  as  on  a  map. 
At  one  place,  bounded  by  high  and  upright  naked  rocks,  the  river  below 
ahoots  rapidly  past,  and  at  another,  sweeping  into  a  wide  and  magnificent 
amphitheatre  of  nature's  own  creation,  the  solid  walls  of  limestone  which 
encircle  it  are  clothed  with  the  most  luxuriant  growth  of  ivy ;  while,  far 
above,  the  forests  of  noble  timber  give  to  the  scene  the  last  and  only 
heightening  beauty  whidi  it  wanted  to  rival  the  finest  creations  of  fancy. 

The  venerable  monastic  pile  of  Tintem  Abbey — ^the  goi^ous  view  from 
the  summit  of  the  Windcliff — and  the  moiddering  ruins  of  Chepstow 
Castle,  are  objects  which  he  who  once  has  seen  them  will  long  remember 
with  interest.  In  addition  to  its  natural  beauties,  however,  the  Wye  is 
distinguished  by  some  of  the  most  remarkable  tidal  phenomena  in  the 
world.  The  broad  wave  which  rolls  up  the  Bristol  Channel  with  a  perpen- 
dicular head  of  4  or  5  feet  exhibits  a  fine  example  of  the.  phenomenon 
called  the  bore.  This  is  confined  to  very  few  rivers  in  the  world,  and 
it  always  indicates  a  very  strong  and  powerful  energy  in  the  tidal  wave. 
Now  the  River  Wye,  where  it  joins  the  Severn,  has  a  very  contracted 
mouth,  and  the  tide  flowing  up  is  almost  immediately  confined  between 
precipitous  diffs  of  limestone,  which  act  as  a  partial  dam,  and  produce  the 
usual  effect  of  a  dam,  namely,  that  of  throwing  up  a  great  head  of  water. 
The  rise  of  tide,  therefore,  which  in  the  Severn,  near  the  mouth  of  the 
Wye,  is  about  26  feet,  is  suddenly  increased  in  the  Wye,  till  at  Chepstow 
Bridge  an  extraordinary  spring  tide  rises  about  45  feet.  It  is  commonly 
stated  in  guide  books,  and  related  to  visitors  as  a  piece  of  information, 
that  the  tide  here  rises  55  feet,  and  that  on  one  occasion,  not  many  years 
ago,  it  rose  to  the  height  of  70  feet.  A  reference  to  the  elevation  in 
Plate  44  will  at  once  show  that  the  former  of  these  statements  is  erroneous, 
because  if  we  set  off  a  height  of  55  feet  above  low  water  it  will  reach  above 
the  crown  of  the  centre  arch,  and  will  inundate  to  a  depth  of  many  feet 
the  whole  road-way  on  each  side  of  the  two  small  piers,  and  far  beyond 
the  extremity  of  the  bridge.  It  will  scarcely  be  necessary  to  say  that 
nothing  of  this  kind  happens  at  ordinary  spring  tides ;  at  the  same  time  it 
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will  be  evident  that  this  must  be  the  case  whenever  the  tide  rises  55  feet 
The  other  talc  about  an  extraordinary  rise  of  70  feet  is  still  more  incorrect 
and  improbable^  for  the  water  in  this  case  would  have  been  14  feet  abote 
the  highest  part  of  the  road-way  at  the  crown  of  the  centre  arch,  and  would 
have  inundated  several  hundred  houses  in  the  lower  part  of  the  town,  to 
the  height  of  their  second  story.  The  writer  of  this  account  has  ascortained 
from  personal  inquiry  that  no  such  inundation  has  taken  place  since  the 
present  bridge  was  built,  nor  as  far  before  that  time  as  the  memory  of  man 
can  reach.  He  is  therefore  inclined  to  view  the  whole  story  as  a  fabnloiis 
account  of  some  tide  which  rose  about  5  or  6  feet  higher  than  the  line 
of  high  water  shown  in  the  Plate ;  this  additional  rise,  it  should  be  ob- 
served, being  one  which  would  do  considerable  injury  to  the  town,  and 
be  likely  enough  to  give  origin  to  exaggerated  accounts.  The  line  of  high 
water  shown  in  the  Plate  should  have  been  noted  as  that  of  an  eztia- 
ordinary  spring  tide,  as  it  seldom  rises  higher  than  3  feet  above  the  iron 
caps  of  the  piers ;  whereas  in  the  Plate  the  line  is  drawn  6  feet  above  these 
caps.  We  are  therefore  inclined  to  think  that  the  tide  rises  very  Uttk 
more  at  Chepstow  than  it  does  in  the  Avon  at  Bristol,  where  the  highest 
is  said  to  be  about  40  feet.  Both  rivers  are  in  similar  circumstances  with 
respect  to  the  sudden  lateral  contraction  of  the  tidal  wave,  an  effect  whidi, 
as  its  area  remains  the  same,  necessarily  forces  it  to  assume  a  greater 
vertical  dimension. 

FOUNDATIONS. 

The  abutments  on  both  sides  of  the  river  are  founded  on  the  limestone 
rock. 

The  foundation  of  the  small  pier  on  the  Monmouthshire  side  consists  of 
a  very  wide  starling,  formed  in  the  bottom  of  rubble  stones  thrown  in  upon 
the  remains  of  a  former  pier,  and  finished  oflF  at  the  top  by  a  surface  of 
squared  stones  intersected  by  a  frame-work  of  timber,  of  which  the  form 
and  dimensions  are  shown  in  Plate  36.     All  the  timbers  are  bolted  at  the 
joints  and  crossings  by  iron  pins.     A  row  of  sheet  piling  was  originally 
driven  down  in  front  of  this  starling,  but  it  appears  from  a  remark  on 
Plate  36,  dated  June,  1839,  that  this  sheet  piling  was  at  that  time  entirely 
destroyed.     On  seeking  for  an  explanation  of  this  fact,  we  have  been 
favoured  with  copies  of  Reports   addressed  to  the  magistrates  of  both 
counties  by  Mr.   Samuel  Hughes,  Civil  Engineer,  in  which  the  original 
cause  of  the  destruction  is  referred  to  the  great  velocity  of  the  current 
in  the  very  contracted  water-way  between  this  starling  and  that  of  the 
next  adjoining  pier. 
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It  will  be  seen  from  inspection  of  Plate  44,  that  the  water-way  is  here 
contracted  to  less  than  half  the  span  of  the '  arch,  and  for  at  least  two 
hours  of  every  tide  the  water  is  confined  to  this  contracted  channel.  The 
Report  goes  on  to  show  that  a  breach  had  at  length  been  made  in  the 
upper  angle  of  the  starling,  and  when  once  the  water  found  its  way  into 
the  interior  of  the  starling,  the  injury  which  it  occasioned  appears  to  have 
been  very  rapid.  By  successive  degrees,  small  pieces  of  mortar  and  stone 
were  carried  out,  and  a  few  of  the  piles  became  loosened.  The  destruction 
proceeded,  till  at  length  every  pile,  with  the  exception  of  about  half  a 
dozen  at  the  lower  or  down-stream  end  of  the  starling,  was  carried  off 
by  the  force  of  the  current.  At  the  same  time  the  water  which  found 
lodgement  inside  the  starling  appears  to  have  exerted  some  kind  of  hy- 
drostatic pressure  upon  the  squared  stones  and  the  timber  composing 
its  surface,  as  these  were  much  displaced  and  tilted  up  from  their  beds  at 
the  time  of  Mr.  Hughes's  examination. 

The  Report  concluded  by  recommending  that  the  starling  should  be 
so  reduced  in  size  as  to  have  no  greater  projection  into  the  water-way  than 
those  of  the  other  piers,  and  the  necessity  of  executing  this  work  without 
delay  was  forcibly  pointed  out.  We  are  informed  that  although  the  pre- 
siding magistrates  at  the  Quarter  Sessions  of  both  counties  were  perfectly 
convinced  of  the  accuracy  of  Mr.  Hughes's  views,  no  steps  have  yet  been 
taken  to  remove  the  very  injurious  obstruction  which  this  starling  presents 
to  the  free  course  of  the  river. 

It  was  understood  at  the  time  of  Mr.  Hughes's  Report  in  1839,  that  the 
heavy  rates  entailed  on  the  county  of  Monmouth,  by  the  riots  at  Newport, 
formed  a  serious  objection  to  an  advance  of  funds  for  any  alterations 
of  Chepstow  Bridge ;  and  the  county  of  Gloucester  appears  to  have  con- 
sidered that  its  rates  could  not  properly  be  used  for  alterations  of  the  pier 
on  the  Monmouthshire  side,  this  being  situate  considerably  more  than 
half-way  across  the  river,  and  therefore  within  the  county  of  Monmouth. 
Although  it  is  probable  that  the  embarrassment  of  the  rates  applicable 
to  works  of  this  kind  has  been  retrieved  by  this  time  in  Monmouthshire, 
the  objectionable  starling  still  remains, — a  circumstance  much  to  be 
regretted,  as  it  undoubtedly  exposes  the  bridge  to  great  injury,  and  might 
even  occasion  the  entire  destruction  of  the  pier,  if  the  river,  during  a 
hard  winter,  were  much  obstructed  by  ice. 

The  starling  of  the  corresponding  small  pier  on  the  Gloucestershire  side 
contains  no  timber,  and  is  built  of  roi  jhly-squared  stones,  set  without 
mortar,  to  the  height  of  five  feet  above  low- water  mark,  at  which  height 
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The  starlings  of  the  two  centre  piers  were  boih  within  enmiiwrnifnti  of 
piling,  and  as  the  great  height  to  which  the  tide  rose  rendered  the 
struction  of  a  coffer-dam  a  work  of  too  great  expense,  the  ditiBcnhies 
rienced  in  getting  in  the  foundations  must  have  been  very  great.  Plate  4S 
shows  the  wood- work  of  the  starling  for  one  of  these  piers ;  and  it  mij  be 
remarked,  that  although  the  arrangement  of  the  timbers  is  somevhit 
different  in  these  two  piers,  yet  they  are  both  in  equally  good  cider, 
and  exhibit  no  traces  of  that  injury  from  which  the  small  pier  has  so  eoa- 
siderably  suffered. 

The  dimensions  of  the  wood-work  are  so  clearly  shown  on  the  Plate  diat 
it  is  only  necessary  to  add  that  the  pieces  were  principally  of  the  stfse 
depth  as  their  breadth.  The  dovetail  joints  are  mostly  secured  by  iron  pis% 
and  where  the  diagonal  and  cross  timbers  are  let  into  the  centre  logs,  thsf 
are  secured  by  oak  trenails,  1  inch  square. 

PIERS    AND   ABUTMENTS.  ' 

These  are  built  of  regular  squared  masonry,  the  stone  nsed  being  alurd- 
grit  sandstone,  procured,  as  before  mentioned,  from  the  forest  of  Den. 
The  piers  are  carried  up  with  a  batter,  as  shown  in  the  elerationy  Fbte 
44.  Each  of  the  piers  has  an  iron  cap,  screwed  down  to  it  in  a  snbstantal 
manner.  This  cap  overlaps  the  whole  outline  of  the  pi^  to  the  depdi  d 
18  inches.  It  is  formed  of  metal,  2  inches  in  thickness,  and  cast  witk 
hollows  at  the  pier  point,  and  in  the  spaces  between  the  ribs  of  the  azt^ti. 

IRON-WORK. 

Each  of  the  piers  supports  five  iron  standards,  of  a  triangular  figure, 
with  flanges  on  the  outside,  to  which  the  ribs  of  the  arches  are  bolted 
One  of  these  standards  is  shown  in  detail  in  Plate  47>  with  the  nuts, 
washers,  and  screws  used  for  bolting  the  ribs  to  the  standards.  Hie 
Plate  shows  a  standard  for  the  interior  ribs,  with  plain  flanges :  those  far 
the  outside  ribs  have  a  flange  on  the  inside  only,  a  rounded  monlding  oo 
the  standard  supplying  its  place  on  the  outside.  The  elevation  and  pkn 
in  Plate  46  show  this  difference  in  the  mode  of  fixing  the  inside  and 
outside  ribs.  The  round  cylindrical  bosses  on  the  plan  of  the  standards 
indicate  the  points  at  which  these  are  fastened  to  the  pier  and  its  cap  by 
powerful  iron  cramps.  These  bosses  are  also  shown  in  the  elevations 
of  the  standard.  The  plan  in  this  Plate  shows  also  the  number  and 
position  of  the  nuts  and  screws  for  securing  the  iron  cap  to  the  jkr. 
In  the  two  large  piers  these  screws  are  2  inches  in  diameter,  the  nuts 
4  inches  square,  and  the  washers  6  inches  diameter.  In  the  small  pien 
the  screws  are   1|  inch   diameter,  the  nuts  Si  inches  square*  and  tbe 
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flanges,  except  those  already  mentioned  for  bolting  them  against  the 
standards.  Plate  44  shows  the  general  shape  of  all  the  ribs,  with  the 
proportion  of  hollow  and  solid  parts.  The  elevation  in  Plate  46  shows 
on  a  larger  scale  part  of  two  ribs  springing  from  a  small  pier.  Plate 
47  shows  the  method  of  bolting  them  on  a  still  larger  scale.  Plate  37  is  a 
transverse  section  through  one  of  the  large  piers,  showing  the  whole 
five  ribs,  and  Plate  38  is  a  plan  and  elevation  of  one  of  the  large  piers. 

The  screws  for  securing  the  ribs  to  the  iron  standards  are  1 J  inch  dia- 
meter. The  heads  of  these  screws  are  4  inches  square  and  2  inches  deep ; 
the  washers  are  4  inches  diameter  and  1  inch  in  thickness,  and  the  octagon 
nuts  are  3^  inches  diameter  and  2  inches  deep. 

Each  rib  was  cast  in  two  parts,  and  bolted  through  the  key  pieces  which 
run  across  the  bridge  under  the  road-way  plates  at  the  crown  of  each 
arch. 

To  secure  the  ribs  in  a  vertical  position,  and  to  give  lateral  stiffness  to 
the  bridge,  there  are  horizontal  through  bolts  of  wrought  iron  passing 
through  all  the  ribs  at  every  alternate  angle  of  the  hollows  in  the  lower 
part  of  the  rib.  There  are  twenty  of  these  through  bolts  in  the  centre  arch, 
twelve  in  each  of  the  side  arches,  and  seven  in  each  of  the  end  arches. 
These  bolts  are  1  inch  in  diameter,  and  pass  through  wrought  iron  tubes, 
3i;  inches  outside  diameter.  These  tubes  have  collars  abutting  against  the 
sides  of  each  rib,  to  keep  them  firmly  in  their  places.  The  bolts  have 
heads  3^  inches  square  and  1^  inch  deep,  and  are  terminated  at  the  other 
extremity  by  octagonal  nuts.  A  series  of  diagonal  braces  are  screwed  by 
flanges  between  the  adjacent  pairs  of  ribs  from  one  collar  of  the  tubes  to 
the  springing  of  each  rib  at  their  opposite  comers,  and  also  between  the 
collars  at  opposite  corners,  as  shown  in  the  plan,  Plate  46 ;  and  in  Plate 
47  will  be  found  a  cross  section  of  one  of  these  diagonal  braces.  The 
road-way  plates  resting  on  the  top  of  the  beams  are  |  of  an  inch  in  thick- 
ness and  3  feet  in  breadth.  The  iron  cornice  is  bolted  to  the  road-way 
plates,  and  the  standards  of  the  railing  secured  to  the  cornice,  as  shown  in 
the  section,  Plate  37.  The  whole  of  the  iron-work  is  put  together  in 
a  most  substantial  manner,  the  joints  are  all  made  sound  and  water-tight  by 
a  powerful  metallic  cement,  and  every  year  the  whole  of  the  iron-work 
is  painted  over,  to  preserve  it  from  rust. 

ROAD-WAY. 

The  width  between  the  railing  is  2 1  feet,  of  which  6  feet  are  occupied 
by  a  foot-path  on  each  side,  leaving  only  15  feet  for  carriage-way.  This  is 
much  too  narrow  for  the  traffic,  which  would  have  been  much  better 
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accommodated  if  the  bridge  had  been  constructed  with  six  instead  of 

five  ribs. 

LONDON   BRIDGE. 

Plate  39. 

(See  Hosking's  Practical  Treatise,  vol.  ii.  p.  229,  &c.) 


BRIDGE   UNDER  ROAD  FROM  CROYDON  TO  SYDENHAM.   ON  THE 

LONDON  AND  CROYDON  RAILWAY. 

Plate  40. 

This  is  an  oblique  bridge,  built  on  an  entirely  novel  principle  firom  the 
designs  and  under  the  superintendence  of  Joseph  Gibbs,  Esq.,  engines  rf 
the  London  and  Croydon  Railway.  The  whole  bridge  is  of  brick-work, 
and  instead  of  the  arch  being  built  in  spiral  courses,  as  in  the  common 
skew  bridge,  it  is  composed  of  four  ribs  or  square  arches,  3  feet  in  length, 
and  the  direction  of  the  courses  in  all  these  ribs  is  at  right  angles  to  the 
Une  of  the  road-way  over  the  bridge.  It  is  evident  that  a  bridge  may  be 
built  on  this  principle  at  any  angle,  however  acute,  and  all  the  trouble  and 
expense  of  the  skew  arch  avoided.  The  bridges  of  this  kind  on  die 
Croydon  Railway  are  universally  admired  for  their  elegance  and  simplicity. 

The  present  bridge  is  built  across  a  cutting  about  18  feet  in  depth.  The 
wing  walls  step  up  the  slopes,  and  are  continued  on  one  side  of  the  bridge 
to  a  considerable  length,  namely,  as  far  as  the  point  shown  on  the  plan 
where  the  approach  diverges  into  two  separate  roads,  and  at  which  point 
the  raised  approach  meets  the  natural  surface  of  the  ground. 

The  abutments  are  founded  3  feet  below  the  level  of  the  rails  and  arc 
carried  up  solid  for  a  height  of  5  feet,  at  which  height  each  abutment 
consists  of  a  rhombus  whose  extreme  length  is  28  feet  6  inches  with  a 
breadth  at  right  angles  to  the  face  of  9  feet  6  inches.  This  lower  part  of 
the  abutment  forms  a  platform  on  which  four  low  walls  of  brick-work  are 
raised  as  the  real  abutments  of  the  four  ribs  of  the  arch.  The  walls 
are  rectangular,  being  32  feet  6  inches  in  length  by  3  feet  in  breadth, 
and  the  same  in  height.  The  two  outside  walls  are  continued  to  form 
the  wings,  as  shown  in  the  plan. 

The  arches  are  elliptical,  53  feet  in  span,  with  a  rise  of  12  feet*  They 
are  four  bricks  in  thickness,  and  their  length,  measured  at  right  angles 
to  the  road-way,  is  3  feet,  the  same  as  that  of  the  small  abutments  from 
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which  they  spring.  The  outsides  of  the  brick  arches  are  covered  with 
slates,  as  shown  in  the  transverse  section,  and  upon  these  is  placed  the 
metalling  of  the  road-way.  The  wing  walls  are  divided  by  pilasters  into 
several  panelled  compartments  which  accord  well  with  the  character  of  the 
arched  ribs.  The  parapets  are  4^  feet  in  height  above  the  road-way,  which 
is  20  feet  in  width. 


BRIDGE  UNDER  ROAD  FROM  NORWOOD  TO  BROMLEY,   ON  THE 

LONDON  AND  CROYDON  RAILWAY. 

Plate  41. 

This  is  an  oblique  bridge  by  the  same  engineer  as  the  last  described, 
built  also  on  a  novel  principle,  although  entirely  diflFerent  from  that  in 
Plate  40.  The  main  arch  here  springs  from  the  slope  of  the  cutting, 
and  is  built  on  the  skew  principle;  but  the  peculiarity  consists  in  the 
pier  of  brick-work  standing  in  the  usual  place  of  an  abutment  in  bridges 
of  this  kind,  and  appearing  in  the  elevation  to  cut  the  arch  in  two  at 
a  perpendicular  raised  from  the  edge  of  the  ballasting.  The  arch  thus 
appears  at  first  sight  to  be  of  a  much  smaller  segment  of  a  circle  than 
it  really  is,  to  have  a  less  versed  sine,  and  to  be  flatter;  and  this  delusion 
ceases  not  till  the  continuation  of  the  arch  is  observed  on  the  other  side  of 
what  seemed  at  first  to  be  the  abutment.  In  this  bridge  there  are  three 
small  arches  on  each  side  which  spring  from  small  piers  2  feet  3  inches  in 
thickness,  and  founded  on  the  slopes.  The  main  arch  is  three  bricks 
thick,  31  feet  6  inches  span,  measured  on  the  skew  line,  and  30  feet 
measured  square  across,  that  is,  at  right  angles  to  the  line  of  railway. 
The  small  piers  are  built  solid  without  openings,  but  those  which  intersect 
the  main  arch  have  each  two  arched  openings  9^  feet  in  extreme  height, 
and  5  feet  in  width,  as  shown  in  the  elevation,  plan,  and  transverse  section. 
The  half  longitudinal  section  in  this  Plate  is  a  section  at  right  angles 
to  the  railway,  and  shows  the  solid  filling  in  between  the  small  arches,  also 
the  paving  on  the  slopes  between  the  bases  of  the  small  piers.  The  wing 
walls  extend  a  very  short  distance  between  the  last  of  the  small  arches, 
and  are  curved  outwards  at  the  ends,  as  shown  on  the  plan.  The  parapet 
is  four  feet  in  height,  with  a  neat  plinth  and  coping. 

The  road-way  over  this  bridge  is  30  feet  in  width  between  the  parapets, 
in  consequence  of  which  a  length  of  33  feet  is  required  for  all  the 
arches. 


cxx  DESCRIPTION  OF  THE  PLATES. 


BRIDGE  AT  SYDENHAM,  LONDON  AND  CROYDON    RAILWAY. 

Plate  42. 

This  bridge,  built  partly  of  brick  and  partly  of  stone,  has  a  centre  aich 
and  side  arch  formed  of  flat  cast  iron  girders  to  carry  a  road  over  the  rail- 
way in  13  feet  cutting.  The  centre  arch  is  30  feet  span,  and  the  side  aidi 
1 1  feet.  The  pier  is  of  plain  brick-work  with  stone  quoins,  and  is  founded 
upon  two  courses  of  footings.  It  is  5  feet  in  thickness  and  15  tedt  in 
height  from  the  surface  of  the  rails  to  the  under  side  of  the  girders.  The 
abutments  and  pier  are  each  29  feet  in  length.  The  abutments  are  4  feet 
in  thickness^  with  two  counterforts  of  3  feet  square  in  each.  The  wing 
walls  on  one  side  of  the  bridge  are  very  short.  On  the  other  side  the  wingi 
are  19  feet  in  length,  with  a  return  of  6  feet  at  the  end,  as  shown  in  titt 
half  plan  of  foundation.  The  darker  shading  in  the  half  plan  and  half 
longitudinal  section  indicates  those  parts  of  the  bridge  which  are  built  of 
stone.  The  entablature  is  also  of  stone,  and  the  whole  of  the  wcnrky  botk 
brick-work  and  masonry,  is  set  in  Roman  cement. 

The  seven  interior  girders  are  plain  ribs  of  iron,  18  indies  in  depth  in  the 
centre  and  tapering  off  to  each  end,  as  shown  in  the  half  longitudinal 
section.  These  girders  have  each  a  flange  12  inches  wide  at  the  bottom,  bat 
no  flange  at  the  top.  The  outside  girders  are  double,  widi  a  flange  on  the 
inside,  but  plain  on  the  outside. 

The  road-way  plates  rest  on  the  flanges  of  the  girders,  and  the  parapel 
walls  rest  on  tlie  tops  of  the  outside  double  girders.  The  parapet  is 
14  inches  thick  and  4  feet  in  height  above  the  road-way.  This  is  a  dieap 
and  substantial  bridge,  and  has  been  much  admired  for  its  neat  and  chaite 
appearance. 


VICTORIA  BRIDGE,   ON  THE  DURHAM  JUNCTION    RAILWAY. 

Plate  43. 

This  bridge  is  the  principal  work  on  the  short  line  of  the  Durham  June- 
tion  Railway,  which  was  intended  to  connect  the  Stanhope  and  T3rne  Railway 
with  the  north  end  of  the  Hartlepool  Railway.  At  present,  however,  the 
Durham  Junction  Line  is  only  completed  as  far  as  the  Seaham  Railway, 
in  the  township  of  West  Rainton,  its  whole  length  from  the  Stanhope 
and  Tyne  Railway  to  this  place  being  4 J  miles. 
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The  Victoria  Bridge  or  Viaduct,  which  forms  the  subject  of  Plate  43, 
carries  the  railway  across  the  valley  of  the  river  Wear,  near  Low  Lambton. 
This  bridge  consists  of  four  large  arches,  two  of  which  are  100  feet  in 
span,  another  is  144  feet,  and  the  largest,  being  the  arch  across  the  river  in 
the  deepest  part  of  the  valley,  is  160  feet.  Besides  these  four  large  arches 
there  are  three  small  arches  of  20  feet  span  at  each  end  of  the  bridge. 
The  whole  length  is  811  feet,  and  the  width  across  the  bridge  from  out  to 
out  is  23  feet  4  inches. 

The  three  piers  and  one  abutment  are  founded  on  solid  rock,  and 
required  no  artificial  foundation.  They  have  each  three  courses  of 
footings,  which  taken  together  measure  5  feet  in  depth.  Above  the 
footings  the  piers  are  carried  up  to  the  springing  with  hollows,  in  order 
to  diminish  the  expense  of  solid  masonry.  The  southern  abutment  is 
founded  on  piles.  These  are  of  Scotch  fir,  about  14  feet  long  and  10 
inches  diameter,  driven  about  3  feet  apart.  The  sleepers,  which  are  bolted 
down  to  the  pile  heads,  are  covered  with  two  thicknesses  of  3-inch  Memel 
planking.  The  middle  pier  is  23  feet  9  inches  in  width,  and  the  two  otlier 
piers  each  21  feet  6  inches  below  the  springing  of  the  two  middle  arches. 
The  piers  are  54  feet  in  length  from  point  to  point  of  the  cutwaters,  and 
above  this  height  the  width  across  the  pilasters  from  point  to  point 
measures  31  feet. 

The  two  middle  arches  spring  from  the  same  level.  The  smaller  of 
these  two  arches  is  a  semicircle  of  144  feet  span,  and  the  larger  a  segment 
of  a  circle  160  feet  in  span  with  a  rise  of  72  feet.  The  two  small  arches 
of  100  feet  span  are  both  semicircular,  and  spring  from  a  line  22  feet 
6  inches  above  the  springing  of  the  large  arches.  The  quoins  of  these 
four  large  arches  are  of  Aberdeen  granite.  The  dimensions  of  the  small 
side  arches  and  their  piers  will  be  seen  from  the  Plate,  which  contains 
the  actual  measurements  taken  from  the  engineer's  working  elevation. 
The  string  course  is  a  perfectly  horizontal  line  from  end  to  end,  and 
its  height  is  120  feet  above  high  water  of  spring  tides  in  the  river.  Tlie 
spandrils  are  quite  plain  on  the  face,  and  the  space  between  them  consists 
of  interior  spandrils  and  cross  walls,  which  are  flagged  over  to  receive  the 
ballasting  of  the  railway. 

The  whole  of  the  bridge,  with  the  exception  of  the  granite  quoins  of  the 
large  arches,  is  built  of  stone  procured  from  Pensher  quarry,  about 
a  mile  and  a  half  from  the  bridge. 

The  Pensher  stone  is  a  pale  whitish-brown  sandstone,  composed  of 
coarse  quartz  grains,  united  by  an  argillo-calcareous  cement,  and  inter- 
spersed with  plates  of  mica.     It  has  been  employed  in  many  important 
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buildings,  as  in  the  Scotch  Church  at  Sunderland,  St.  John's  Chapd, 
Bishop  Wearmouth,  Wynyard  Mansion-house,  and  in  the  works  at  Sun- 
derland Pier  and  Seaham  Harbour. 

The  amount  of  the  contract  sum  for  building  the  Victoria  Bridge  was 
£34,619,  and  its  actual  cost  £38,000. 


BRIDGE  OVER  THE  TYNE.  AT  SCOTSWOOD. 
Plates  48,  49,  and  50. 

This  is  an  oblique  bridge  built  over  the  River  Tyne,  at  Scotswood, 
in  the  line  of  the  Newcastle  and  Carlisle  Railway,  from  the  designs  of 
John  Blackmore,  Esq.,  the  present  engineer  of  the  company.  It  consisis 
of  eleven  openings,  each  of  60  feet  span,  measured  on  the  skew  line; 
and  the  height  at  which  the  railway  is  carried  across  the  river  is  35  feet 
above  low  water.  The  railway  at  this  place  forms  an  angle  of  55®  with  the 
course  of  the  river,  and  the  piers  being  built  coincident  with  the  course  of 
the  river,  the  bridge  stands  at  an  angle  of  35°  with  the  direction  of  a  rect- 
angular crossing.  With  the  exception  of  the  abutments,  the  whole  of  this 
bridge,  from  the  foundation  piles  to  the  top  of  the  railings  is  built  of 
timber.  One  of  the  abutments  is  founded  upon  piles,  the  other  upon  a 
bed  of  concrete  about  10  feet  in  thickness.  Each  pier  consists  of  twdie 
piles,  namely,  five  in  length  and  two  in  width  forming  the  body  of  the 
pier,  with  a  cutwater  pile  at  each  end.  The  small  black  squares  in  the 
plan,  Plate  48,  show  the  position  of  the  piles  in  the  piers.  The  twelre 
long  piles  in  each  pier  are  12  inches  square,  33  feet  in  lengthy  and  aie 
driven  into  the  ground  to  an  uniform  depth  of  22  feet  below  low  water. 
At  a  height  of  6  feet  above  low-water  mark  the  double  row  of  piles  in 
each  pier  is  surrounded  by  a  waling  of  1  foot  by  6  inches^  fixed  with 
its  least  dimension  vertically,  and  bolted  through  each  opposite  pair  of 
piles,  as  shown  in  the  transverse  section  in  Plate  50;  and  this  waling 
extends  to  the  cutwaters  at  the  ends.  At  the  top  of  the  piles,  that  ii, 
6  feet  above  higli-water  mark,  is  fixed  a  similar  waling,  which  is  bolted 
down  to  the  head  of  each  pile. 

At  the  level  of  the  lower  waling  is  inserted  between  each  opposite 
pair  of  piles  a  piece  of  timber,  the  ends  of  which  are  notched  into  ead 
pile,  as  shown  in  the  transverse  section,  Plate  50.  A  wrought  iron 
through  bolt  passes  through  the  waling  on  each  side,  and  through  this 
piece  of  timber  longitudinally.    This  piece  of  cross  timber  serves  as  the 
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20^  feet  in  length  and  12  inches  square^  except  for  the  first  9  feet  of 
their  lengthy  in  which  half  their  thickness  is  cut  away  where  they  overlap 
the  lower  piles.  The  shoulder  formed  by  the  whole  timber  above  the 
part  thus  cut  away  rests  upon  the  head  of  the  lower  pile,  as  shown  in 
the  transverse  section.  At  the  level  of  the  top  of  the  lower  piles  is 
inserted  another  piece  of  cross  timber  between  each  pair  of  upper  piles, 
and  longitudinally  through  this  piece  and  through  the  upper  walings 
before  mentioned,  passes  a  through  bolt  similar  to  those  at  the  base 
of  the  upper  piles.  Longitudinal  sleepers  1  foot  square  rest  on  the 
heads  of  the  upper  piles,  and  between  these  sleepers  at  every  point 
where  they  rest  upon  the  piles  is  a  piece  of  cross  timber  and  a  through 
bolt,  similar  to  those  already  described.  The  longitudinal  sleepers  are 
covered  by  3-inch  planking  laid  close  together  across  the  pier,  5  feet 

8  inches  in  width  and  38  feet  in  length.  In  all  the  piers  the  whole 
of  the  ten  piles  which  compose  the  rectangular  figure  of  the  pier  have 
upper  piles  spliced  to  them,  as  above  described,  in  order  to  carry  the 
platform  of  sleepers  and  planking  for  the  arches  to  spring  from.  The 
cutwater  piles,  however,  are  no  higher  than  the  under  side  of  the  upper 
waling,  and  have  no  upper  piles  spliced  to  them.  Between  the  two  rows 
of  upper  piles  in  each  pier,  diagonal  braces  extend  from  the  under  side 
of  the  longitudinal  sleepers  at  one  end  of  the  pier  to  the  upper  side  of  the 
lower  waling  at  the  other  extremity  of  the  pier.  These  diagonal  braces 
are  shown  in  the  side  elevation  of  pier  in  Plate  49. 

The  superstructure  resting  on  the  piers  is  composed  of  seven  trussed 
ribs  over  each  opening.  The  elevation  and  plan  of  one  of  the  inner 
trusses  is  shown  in  Plate  50.  Each  truss  abuts  against  a  solid  wooden 
buttress  composed  of  three  logs  of  timber  9  inches  wide,  which  rest 
upon  the  planked  platform  of  the  pier.  This  buttress  is  constructed 
of  a  slightly  tapering  form,  as  shown  in  the  elevation,  Plate  50.  Tlie 
lower  log  is  12  inches  in  depth,  the  middle  one  6  inches,  and  the  upper 

9  inches.  The  top  of  the  buttress  is  4  feet  6  inches  longitudinally,  and 
its  base  5  feet  6  inches.  On  the  tops  of  these  buttresses,  along  the  whole 
length  of  each  pier,  are  laid  two  whole  logs  13  inches  square,  on  which 
rests  the  single  horizontal  beam  of  each  truss.  This  horizontal  beam 
is  12  inches  in  depth  by  9  inches  in  breadth,  and  is  rendered  inflexible 
by  three  struts  which  are  let  into  it  at  different  angles.  These  struts 
abut  against  the  three  logs  of  the  small  wooden  buttresses,  and  where 
they  are  let  into  the  beams  they  are  bolted  by  wrought  iron  bolts,  which 
pass  through  an  iron  cheek  on  each  side  of  the  beam. 
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The  outside  truss  beams  are  of  more  complicated  <M>n8tnictioii9  and 
the  timbers  composing  them  are  arranged  according  to  a  syBtem  iriiieh 
converts  the  whole  parapet  railing  into  a  stiff  and  rigid  firaming.  lliii 
arrangement,  which  adds  greatly  to  the  strength  of  the  bridge,  is  oa 
the  same  principle  as  that  which  Mr.  Blackmore  has  followed  in  the 
Liadykirk  and  Norham  Bridge^  described  at  p.  Ixxxi.  The  standard  or 
buttress  for  these  outside  trusses  to  abut  against  is  the  same  as  alietdj 
described  for  the  inner  trusses,  but  there  is  this  difference  in  the  two^ 
that  the  horizontal  beam  in  the  outside  truss  does  not  rest  immediately  on 
the  same  longitudinal  logs  as  the  inner  trusses,  but  upon  blocks  of  12 
inches  in  depth,  which  are  interposed  to  give  an  additional  height  to 
the  outside  beam.  The  undermost  strut  for  the  outside  trass  abate 
against  an  under  log  of  timber,  instead  of  being  let  into  the  long  beun 
itself,  and  the  other  two  struts  are  let  in,  as  shown  in  Plate  50,  for  the 
inner  trusses.  Above  the  long  horizontal  beams  of  the  outside  trusses 
are  diagonal  struts,  which  abut  against  the  angles  made  by  the  vertical 
suspension  posts  with  the  horizontal  timbers  of  the  railing.  The  enhiged 
section  in  Plate  50  exhibits  very  clearly  the  transverse  dimensions  and 
positions  of  these  horizontal  timbers  and  struts  of  the  railing.  Tlie 
suspending  pieces  occur  at  the  intervals  shown  in  the  side  view,  Plate  49, 
and  arc  secured  by  iron  straps  to  the  beams  and  struts  of  the  trusses  and 
to  the  timbers  of  the  railing. 

The  road-way  is  composed  of  transverse  logs  resting  on  the  tops  of  die 
inside  trusses.  To  these  transverse  logs  the  railway  sleepers  are  bolted, 
and  the  spaces  between  them  are  covered  by  3-inch  planking. 


BRIDGE  OVER  THE   RIVER  EDEN,  AT  CARUSLE. 

Plates  51,  52,  and  52«. 

Tliis  is  a  bridge  of  five  semi-elliptical  arches,  erected  firom  the  designs 
of  Sir  Robert  Sniirke.  Tlie  arches  are  each  65  feet  in  span,  with  a  rise  of 
21  feet,  and  the  whole  length  of  the  bridge  from  end  to  end  is  436  feet 

The  piers  have  each  three  courses  of  footings.  These  are  of  ashlar 
stone,  each  course  being  18  inches  deep,  and  projecting  8  inches  all  round 
beyond  the  next  ascending  course.  The  lowest  of  these  courses  is  founded 
(>  feet  below  the  level  of  water  in  the  river,  as  shown  in  the  eleration, 
Plate  51.  Tlie  plinth  of  each  pier  is  built  upright  in  two  18-inch  courses 
of  hewn  stone.    This  plinth  is  10  feet  6  inches  wide,  and  is  chamfered 
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off  at  the  top  to  a  width  of  9  feet.  The  length  of  the  rectangular  part 
of  the  plinth  in  each  pier  is  36  feet^  and  each  end  is  terminated  by  a 
semicircular  cutwater.  Above  the  plinth  the  cutwaters  of  the  piers  are 
carried  up  with  a  slight  batter  to  a  height  of  6  feet  6  inches  above  the 
plinth^  at  which  height  they  are  8  feet  3  inches  in  breadth.  Each  cut- 
water is  surmounted  by  a  stone  cap,  dressed  to  a  point  at  the  top,  and 
having  its  under  edge  chamfered  off,  as  seen  in  the  elevations. 

The  abutments  are  built  with  footings  similar  in  number  and  depth 
to  those  of  the  piers.  Their  length  is  also  the  same,  and  their  face 
comers  are  worked  off  to  the  same  radius  as  the  cutwaters  of  the  piers. 
At  the  level  of  the  plinth  courses  the  extreme  breadth  of  the  abutments 
is  38  feet;  but  the  mass  of  the  abutment  is  much  reduced  by  the  in- 
troduction of  a  counter  arch,  shown  in  the  plan,  Plate  51.  This  arch, 
which  has  a  chord  of  33  feet  and  a  versed  sine  of  10  feet,  reduces  the 
thickness  of  the  abutments  to  20  feet  at  the  centre,  and  leaves  the  ends  of 
the  abutments  as  mere  walls  8  feet  thick,  which  may  either  be  called 
wings  or  considered  as  part  of  the  abutments.  The  external  face  of  each 
abutment  has  two  projections  or  pilasters,  which  are  continued  up  to  the 
string  course,  and  correspond  with  similar  pilasters  in  the  parapet  wall. 
The  comers  of  the  abutments  are  carried  up  in  a  rounded  form  to 
correspond  with  the  extremities  of  the  piers,  and  at  the  level  of  the 
caps  of  the  piers  each  of  these  comers  is  surmounted  by  a  half  cap, 
similar  to  those  of  the  piers. 

The  arches  spring  from  their  corresponding  piers  and  abutments  at 
the  level  of  the  top  of  the  plinth  already  described.  In  each  arch  the 
under  side  or  inner  curve  is  described  from  five  centres,  the  position  of 
which  is  indicated  by  the  lines  B  B  B  B  on  Plate  52.  The  outer  curve 
of  the  arches  is  described  from  three  centres,  two  of  which  are  situate 
on  the  lines  G  G  at  the  level  of  the  springing,  and  the  other,  from  which 
is  described  the  middle  part  of  the  curve,  is  of  course  the  intersection 
of  the  lines  G  G  in  the  versed  sine  produced.  The  arch-stones  average 
18  inches  in  thickness,  and  are  7  feet  4  inches  in  depth  at  the  pier 
caps,  and  3  feet  9  inches  at  the  crown.  All  the  stones  composing  the 
extemal  face  of  the  arches  are  worked  on  the  under  side  to  a  templet 
to  suit  the  curve  of  the  arch,  and  their  tops  are  wrought  square,  so  as 
to  form  rectangular  joints  with  the  courses  of  stone  in  the  spandrils. 
The  form  and  general  effect  of  the  string  course,  the  parapet,  and  its 
pilasters,  will  be  seen  from  the  elevations  in  Plates  51  and  52 ;  but  owing 
to  the  absence  of  transverse  sections  we  are  unable  to  give  the  thicknesses 
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of  these  parts  of  the  bridge,  and  the  same  remark  applies  to  the  spaodiib 
and  to  the  end  walls  of  the  abutments.  The  string  course  has  a  pro- 
jecting torus  moulding,  the  simplicity  of  which  harmonizes  well  with 
the  general  character  of  the  bridge.  The  parapet  is  3  feet  6  indies  m 
height  to  the  under  side  of  the  coping,  and  is  built  in  three  conrseat,  two 
of  which  are  15  inches,  and  the  upper  one  12  inches^  in  depth.  Tie 
coping  is  16  inches  in  depth,  with  the  upper  4  inches  bevelled  off,  as 
shown  in  the  enlarged  elevation,  Plate  52.  The  caps  of  the  piksten 
are  3  feet  1  inch  in  extreme  depth,  their  lower  part  corresponding  wi& 
the  coping  of  the  parapet,  and  the  top  dressed  to  a  point,  as  shown  in 
Plate  52. 

Plate  52"  contains  a  plan  and  elevation  of  one  of  the  ribs  used  bt 
the  centering.    The  ends  of  the  under  connecting  beams  are  here  shown 
resting  on  the  footings  of  the  piers.    These  beams  are  9  inches  square, 
and  extend  the  whole  length  of  the  piers  and  abutments.     The  supports 
of  the  rib  arc  three  bearers  or  struts  on  each  side,  resting   one  upon 
each  of  the  connecting  beams.    These  struts  radiate  to  a  point  within 
the  pier,  and  the  middle  one,  being  required  to  support  the  greatest 
weight,  is  made  of  greater  scantling  than  the  others.    This  middle  stnit 
is  12  inches  square  and  4  feet  4  inches  long;  the  lower  one  is  11  indict 
square  and  6  feet  long,  and  the  upper  one  is  9  inches  square  and  3  feet 
3  inches  long.    The  upper  connecting  beams  rest  on  the  tops  of  these 
struts,  and  their  ends,  like  those  of  the  lower  ones,  are   shown  in  ^ 
Plate.     Upon  the  tops  of  these  upper  connecting  beams  rest  the  wedges. 
These  have  an  aggregate  thickness  of  3  feet  9  inches,  and  are  cut  with 
notches  in  such  a  way  that  when  the  middle  wedge  is  driven  outwards 
the  upper  wedge  is  lowered  and  the  whole  centre  slackened.     On  the 
upper  wedge  is  fixed  a  cast  iron  shoe,  with  four  compartments  for  the 
reception   of  the  radiating  beams  which  compose   the   rib.     This  plate 
is  9  feet  3  inches  in  length  by  18  inches  wide,  and  J  inch  thick;  a  plan 
and  section  of  it  are  shown  at  the  foot  of  the  Plate.    The  long  horizontal 
beam  A  is  called  the  crown  tie-beam  of  the  rib;  it  abuts  at  each  end 
against  a  crown  piece  which  rests  upon  the  wedges,  and  forms  with  these 
iTown  pieces  a  separate  truss,  as  vnM  be  seen  by  examining  the  Plate. 
T]\is  beam  is  12  inches  square,  and  its  plan  is  shown  in  Plate  52*.    Beneath 
this  houui  is  an  under  truss,  the  crown  of  which  rests  upon  the  small 
beams  K  K.     The  crown  of  this  under  truss  is  14  feet  3  inches  in  length, 
and  is  secured  to  the  tie-beam  A  by  stirrup  irons  and  wedges.    The 
rafters  of  tliis  under  truss  are  12  inches  square,  and  rest  in  the  lower 
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compartment  of  the  shoes  ahready  described.  The  principal  rafters^  one 
of  which  is  marked  B  in  the  Plate^  abut  against  a  crown  piece  which 
occupies  the  middle  part  of  the  rib,  forming  another  separate  truss. 
The  crown  of  this  truss  is  7  feet  9  inches  long,  and  is  secured  to  the 
principal  rafters  by  bevelled  joints.  This  truss  is  further  strengthened  by 
two  king-posts,  one  on  each  side.  These  king-posts  are  secured  to  the 
crown  of  this  truss,  to  the  tie-beam  A,  and  to  the  crown  of  the  lower  truss, 
by  straps  and  through  bolts,  three  in  each  strap,  as  shown  in  the  elevation 
and  plan.  The  rafters  B  in  this  truss  being  double,  that  is,  one  on  each 
side  of  the  crown  tie-beam,  are  of  small  scantling,  namely,  12  inches  by 
6  inches.  The  beam  marked  C  in  the  elevation  is  one  principal  of  another 
truss.  Its  other  principal  is  notched  into  the  crown  tie  A,  and  made 
fast  with  strap  irons  and  bolts.  The  beam  marked  C  belongs  to  the 
truss  on  the  left-hand  side  of  the  arch.  On  the  right-hand  side  is 
another  truss,  which,  being  similar,  the  same  description  applies  to  both. 
The  king-posts  G  G,  as  well  as  the  principals  B  and  C,  are  double, 
namely,  one  on  each  side  of  the  beam  A.  These  king-posts  are  of 
timber  12  inches  by  9  inches,  and  are  firmly  secured  to  the  cro\m  pieces 
and  to  the  several  beams  which  they  cross  by  bolts  and  straps,  as  shown 
in  the  plan  and  elevation.  The  pieces  K  K  are  intended  to  connect  the 
ribs  with  each  other  and  to  fix  the  ribs  in  their  proper  position.  There 
are  couples  of  these  pieces  at  the  foot  of  each  king-post.  They  are  bolted 
through  the  king-posts,  and  notched  to  receive  the  sides  of  the  latter. 
The  upper  crown  pieces,  six  in  each  rib,  are  bolted  to  the  crowns  of  the 
several  trusses  by  four  bolts  to  each  truss.  These  bolts  also  pass  through 
the  filling  in  pieces,  which  are  inserted  to  form  the  proper  curvature  for 
the  covering  planks  to  rest  upon. 

The  covering  planks  are  composed  of  a  double  thickness.  Those  which 
rest  immediately  on  the  filling  in  pieces  are  12  inches  wide  by  6  inches 
thick,  and  are  placed  6  inches  apart.  Above  these  are  battens  9  inches 
wide  and  3  inches  thick,  and  the  several  courses  of  the  arch-stones  break 
joint  with  the  battens,  as  shown  in  the  Plate. 

STAINES   BRIDGE. 

Plate  53. 

This  bridge  was  erected  over  the  River  Thames,  at  Staines,  from  the 
designs  and  under  the  direction  of  George  Rennie,  Esq.,  Civil  Engineer. 
It  consists  of  three  arches,  namely,  one  of  7^  feet  span  and  two  of 
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66  feet  each.    These  arches  are  segments  of  circles^  having  a  rise  or  Tersed 
sine  equal  to  one-eighth  of  the  span. 

PIERS   AND   ABUTMENTS. 

The  piers  and  abutments  are  all  founded  on  piles.    These  are  18  india 
in  diameter^  and  are  driven  down  at  distances  of  5  feet  apart  from  centre 
to  centre  over  the  whole  space  to  be  occupied  by  the  masonry.     To  the 
heads  of  these  main  piles  are  bolted  transverse  bearing  logs^  18  inchei 
square,  and  these  again  are  covered  by  close  planking,  6  inches  in  depdi, 
laid  lengthwise  of  the  piers  and  abutments,  that  is,  in  a  direction  at  rig^ 
angles  to  the  line  of  the  road-way.     Upon  this  planking  is  laid  the  lower 
course  of  the  masonry  at  the  level  of  21  feet  6  inches  below  the  springing 
of  the  arches.    From  this  level  the  abutments  are  carried  up  to  the  impost 
course  with  a  batter  on  the  face  of  1  in  10.    The  piers  have  each  four 
courses  of  footings,  each  course  having  a  set-off  of  3  inches  all  round. 
The  footings  are  6  feet  in  depth,  so  that  the  surface  of  the  upper  course  d 
these  is  15  feet  6  inches  below  the  springing  of  the  arches.    The  thickness 
of  the  piers  is  10  feet  immediately  above  the  footings,  and  this  thickness 
diminishes  to  8  feet  6  inches  at  the  under  side  of  the  impost,  from  which  it 
will  be  seen  that  they  are  built  with  a  batter  equal  to  one-twentieth  of 
their  vertical  height.    The  piers  are  built  with  circular  cutwaters  whidi 
are  carried  up  with  the  same  batter  as  the  body  of  the  pier.     The  extreme 
length  of  the  piers  from  point  to  point  of  the  cutwaters  is  43  feet  9  inches 
at  the  under  side  of  the  impost.     All  round  the  lower  course  of  the  pien 
and  abutments  is  driven  a  row  of  sheeting  piles  with  a  waling  bolted  to  it 
on  each  side.     The  sheeting  piles  of  the  abutments  are  11  feet  in  length 
by  14  inches  by  9  inches;  those  of  the  piers  12  feet  6  inches  in  length, 
with  the  same  sectional  dimensions  as  those  for  the  abutments.     Elach  of 
the  walings  is  18  inches  in  depth  by  9  inches,  and  all  firmly  secured  to  the 
piles  by  through  bolts  at  every  alternate  pile. 

The  abutments  are  16^  feet  in  thickness  at  the  foundation,  diminishing 
to  15  at  the  springing.  Each  abutment  terminates  in  a  pilaster  11  feet  in 
width,  and  projecting  on  the  river  side  7  feet,  and  on  the  land  side  1  foot 
6  inches  beyond  the  Une  of  the  front.  The  side  of  the  abutments  ter- 
minates against  the  pilaster  in  a  curve  corresponding  with  the  cutwaters  of 
the  piers,  as  will  be  seen  by  reference  to  the  plan.  There  is  a  peculiarity 
in  the  abutments  of  this  bridge  which  is  worthy  of  notice,  namely^  that  the 
courses,  instead  of  being  horizontal,  radiate  to  a  succession  of  points 
situate  in  the  versed  sine  of  the  arch  produced.  Thus  the  lower  course 
nuliatcs  to  a  point  about  2/  feet  above  the  centre  from  which  the  curve  of 
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the  arch  is  described,  and  each  succeeding  course  radiates  to  a  point 
successively  2  feet  below  the  last,  till  at  length  the  uppermost  course  of 
the  abutment  (that  is,  the  springing  course)  coincides  with  the  arch-stones 
in  radiating  to  the  same  point,  namely,  the  centre  of  the  curve.  This 
radiation  does  not  commence  exactly  at  the  face  of  the  abutment,  as  the 
bottom  courses  for  about  4  feet  in  breadth  of  the  abutment  have  hori- 
zontal beds.  The  extent  of  horizontal  bed  diminishes,  however,  according 
to  the  height  of  the  abutment,  till  at  the  springing  course  only  9  inches  of 
its  under  bed  is  horizontal,  and  the  whole  of  its  upper  bed  radiates,  as 
already  described,  to  the  centre  of  the  arch. 

WING  WALLS. 

These  are  founded  on  piles  12  feet  in  length,  covered  by  cross  sleepers 
and  planking  similar  to  that  in  the  foundations  of  the  piers  and  abutments. 
The  lower  course  of  the  wing  walls  is  laid  11  feet  below  the  surface  of  the 
ground  and  17  feet  below  the  springing  of  the  arches.  These  walls  have 
one  course  of  footings,  4  feet  9  inches  in  breadth,  and  above  this  the  wall 
is  carried  up  with  a  thickness  at  base  of  4  feet  6  inches,  diminishing  to 
3  feet  at  the  string  course.  The  wing  walls  terminate  in  upright  pilasters 
corresponding  with  those  in  front  of  the  abutments.  A  small  arch  of 
10  feet  span  is  thrown  in  the  wing  walls,  and  an  opening  continued 
through  between  the  pilasters,  as  shown  in  the  elevation. 

ARCHES. 

The  breadth  of  the  arches  across  the  bridge  from  outside  to  outside 
is  34  feet.  The  thickness  of  the  arch-stones  at  the  springing  is  5  feet 
6  inches,  diminishing  on  each  side  to  2  feet  4  inches  at  the  crown.  The 
exterior  arch-stones  are  cut  not  in  a  curved  form  but  with  square  heads,  as 
shown  in  the  elevation,  in  order  to  form  proper  joints  with  the  horizontal 
courses  of  the  spandrils. 

SPANDRILS. 

The  outside  spandril  walls  are  3  feet  in  thickness,  and  there  are  six 
interior  spandrils,  each  18  inches  thick,  built  at  equal  distances  apart, 
and  parallel  with  the  outside  walls.  In  the  whole  of  the  outside  masonry, 
from  the  springing  of  the  arches  to  the  cornice,  the  edges  of  all  the  stones 
are  chamfered,  as  indicated  by  the  double  lines  showing  the  joints  in  the 
elevation. 

PARAPET. 

The  parapet  is  without  coping,  and  is  4  feet  in  height,  part  of  which 
consists  of  a  basement  18  inches  square,  above  which  the  wall  diminishes 
to  15  inches  in  thickness. 
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KOAD-WAT. 

The  breadth  between  the  parapets  is  50  feet,  and  oompiues  a  emagt- 
road  21  feet  wide,  with  a  foot-path  of  4(  feet  on  eadi  ade.  Beyond  Ae 
abatments  the  road-way  becomes  wider,  as  shown  on  the  plan.  Hie 
approaches  are  raised  on  each  side  aboot  1 7  feet  above  the  mabot  of  Ae 
ground.  They  consist  partly  of  brick  arches,  as  shown  in  die  elention, 
and  partly  of  earthen  embankment. 


WELLESLEY  BRIDGE,   LIMERICK. 

Plates  54  and  55. 

This  is  a  bridge  of  five  equal  arches,  eadi  of  70  feet  wpmiky  crpcted  bj 
the  late  Alexander  Nunmo,  Esq.  The  length  of  the  bridge  fipom  cad 
to  end  of  the  parapet  walls  is  410  feet,  and  the  bieadtfa  of  road-wif 
between  the  parapets  41  feet. 

PIERS    AND    ABUTMEXTS. 

The  two  centre  piers  have  each  three  courses  of  footings,  each  eonse 
being  IS  inches  in  thickness.  The  other  two  fners  hare  each  two  18 
inches  courses  of  footings.  These  courses  in  all  the  piers  iliwiiiiA  al 
round  by  offsets  of  6  inches,  and  above  the  upper  tuyiat  of  footiigi 
each  pier  is  12  feet  6  inches  in  breadth  by  55  feet  6  indies  in  kngA 
from  point  to  point.  The  piers  are  carried  up  12  feet  above  the  fbotii^ 
that  is,  to  the  springing  of  the  elliptical  arches^  with  a  curred  batter 
of  15  inches  all  round  in  the  height  of  12  feet.  Their  dimensions,  there- 
fore, at  the  springing  of  the  elliptical  arches  aie  10  feet  in  breadth  bf 
53  feet  in  length.  Up  to  this  height  the  piers  above  the  footings  aic 
built  of  squared  masonry  on  the  outside,  filled  in  with  coorsed  mbble, 
as  shown  in  the  longitudinal  section,  Plate  55.  The  courses  of  asUsr 
in  the  piers  average  2  feet  in  thickness. 

Each  abutment  has  one  course  of  footings,  which  also  <»TiaMvit  bfitf^ 
the  short  wings  at  the  ends.  Above  this  course  the  abutment  proper 
is  47  feet  in  length  by  16  feet  6  inches  in  thickness.  At  each  end  of 
this  lengti)  the  thickness  diminishes  by  a  curve  to  7  ket  6  inches^  which 
is  the  thickness  of  the  wings.  The  front  or  inside  of  each  abutment  is 
carried  up  with  the  same  curved  batter  as  the  piers.  The  oizter  side  of 
the  abutment  is  carried  up  perpendicular  with  two  sets-off.  as  dxyvn 
in  the  elevarion.  Plate  54.  Elach  abutment  has  four  coontoforts  6  kti 
bv  4  feet,  and  each  win?  has  two  counterforts  4  feet 
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Above  the  springing  of  the  elliptical  arches  the  piers  and  abutments 
are  carried  up  vertical  to  the  height  of  19  feet  4  inches  above  the  footings, 
that  is,  to  the  under  side  of  the  springing  course  for  the  circular  arches. 
The  springing  course  is  20  inches  in  depth,  and  is  surmounted  over  the 
ends  of  the  pier  fronts  by  an  ornamental  cap  of  great  elegance  and 
simplicity* 

The  arches  in  this  bridge  are  of  that  complex  form  adopted  by  Perronet 
in  the  Pont  Neuilly,  and  by  Telford  in  the  Gloucester  Bridge.  They 
consist  here  of  circular  segments,  with  a  rise  or  versed  sine  of  only 
8^  feet,  swelling  into  the  elliptical  arches  which  occupy  the  central  line 
of  the  bridge.  They  present,  therefore,  that  bell-mouthed  appearance 
which  has  been  so  much  admired  by  several  of  our  greatest  engineers, 
and  which,  while  it  certainly  affords  no  greater  capacity  for  the  escape 
of  water  than  an  entire  arch  coinciding  with  the  interior  curve,  is  yet 
singidarly  elegant  in  appearance,  and  is  undoubtedly  much  stronger  than 
a  plain  segmental  arch  of  the  flat  curvature  in  the  design  before  us. 

The  outer  spandrils  are  2  feet  in  thickness.  They  are  built  of  dressed 
stone,  one  course  of  which  projects  on  the  inner  side,  as  shown  in.  the 
transverse  section,  Plate  55,  in  order  to  support  the  covering  of  flag- 
stones, which  will  presently  be  described.  The  space  between  the 
spandrils  is  filled  up  solid  with  coursed  rubble  to  the  height  of  12^  feet 
above  the  springing  of  the  elliptical  arches.  Above  this  height  are  built 
six  interior  walls,  at  distances  of  6  feet  apart  from  centre  to  centre. 
These  walls  are  parallel  with  the  outer  spandrils,  and  are  built  of  picked 
and  coursed  rubble  to  the  height  of  6  feet  6  inchei^,  which  level  cor- 
responds with  the  top  of  the  projecting  course  in  the  outer  spandrils. 
At  this  level  a  course  of  flag-stones  is  laid  on  the  tops  of  all  these  interior 
spandrils,  forming  a  platform  to  receive  the  road-metalling,  and  leaving 
the  spaces  hollow  between  the  several  lines  of  spandril  walls.  The  cornice 
is  composed  of  a  bed-mold  and  fascia  course,  shown  in  Plate  55  upon 
an  enlarged  scale.  The  parapet  consists  of  a  plinth,  ballister,  and  capping 
(shown  in  the  same  Plate),  with  two  pilasters  over  each  arch,  and  a  double 
pilaster  and  panel  over  each  pier.  The  breadth  of  carriage-way  is  28  feet, 
and  that  of  the  path  on  each  side  6  feet  6  inches.  Paved  drains  are 
formed  on  each  side  of  the  carriage-way,  as  shown  in  the  transverse 
section,  Plate  55. 

Although  this  bridge  is  not  nearly  so  large  as  many  similar  works 
in  this  country,  and  in  point  of  magnitude  is  even  small  in  comparison 
with  the  noble  structures  over  the  Thames,  it  would  perhaps  be  difficult 
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to  fix  upon  a  de«gn  for  a  stone  bridge  in  inv  part  of  the  vorid 
b  more  worthy  of  admiration  than  Mr.  Nmuno's  dwste  and 
bridge  at  Limerick.  The  most  exquisite  architectural  beauty 
joined  vith  the  most  complete  application  of  tliose  scientific  pri 
which  Mr.  Ximmo's  accomplished  mind  so  wdl  and  so  raco 
brought  to  bear  in  all  bis  works.  Just  and  true  in  aB  its  {wopi 
singularly  beautifol  in  the  eyes  of  every  spectator,  Uiere  is  fa 
redundancy  of  trifling  ornament,  no  spurious  gewgaws,  no  riola 
architectural  discifdine,  to  offend  the  taste  of  the  most  &sti(lioiu 
and  with  all  these  merits  there  is  such  a  nice  adaptatioa  and  adji 
of  all  the  parts  in  respect  of  strength  and  renstance,  that  die  p 
man  who  looks  at  the  most  elegant  design  as  a  |nece  of  nwd 
is  no  less  satisfied  than  every  one  else  vith  die  snrpani^  merit 
elegant  bridge. 

We  feel  proud  and  happy  that,  amongst  the  woiki  of  manj 
engineers  whose  Uboms  it  has  fallen  to  our  lot  to  describe  ii 
pages,  there  is  more  than  one  which  illustrates  the  skiQ  and  tal 
Mr.  Nimmo.  This  gratification  is  increased  by  tfae  icHection  tl 
character  of  this  great  man  is  not  sofBcicntly  known  and  **»"■■■■■ 
the  rising  engineers.  It  will  be  far  from  the  object  of  the  ] 
descriptions  to  verge  towards  any  thing  in  the  sh^ie  of  bt^raphy 
shall  therefore  conclude  these  observations  by  referring  the  yon 
gineer  to  the  various  works  executed  by  Mr.  Xunmo,  in  Irelaad,  fo 
very  fine  examples  of  skill,  tasie,  and  engineering  judgment, 
the  Wellesley  Bridge,  in  particular,  it  is  probable  that  no  Ugbe 
pliniei-.i  cijiiiJ  be  paid  than  to  pronounce  it  in  every  way  wxirthr 
fame  and  i;enias  of  .Alexander  Niramo. 


BRIDGE  OF  JENA. 
Plates  56  asj>  B~. 

This  bridge  is  constructed  across  the  Seine,  at  I^iis,  in  front 
Eivle  Militaire.  a.vording  to  the  design  azd  under  ^he  direcl 
M.  Lamande.  eiizir.eer-in-ciief  of  the  osTps  of  bridges  a2>d  iighwavs 

Xn  edic:  for  the  c-onsiruction  of  a  bridge  in  iraiii  o:  t!ie  Ecole  M 
was  pas£e<d  c:i  t^e  iTTih  March.  1606;  aci  it  was  at  first  propoM 
the  bridge  should  be  of  iron,  with  piers  and  aV.rtT-^-'t:*  of  c^asoorv; 
oor-ormiTv  wiui  a  r.ew  decision,  tie  arches  c:  \Lt  brid^.  as  w^ 
r.ther  carts,  have  Sftr  constructed  ■?:  stcine  instead  i4  inm. 
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An  imperial  decree^  issued  at  Warsaw  on  the  13th  January,  1807,  declares 
that  this  bridge,  then  building  in  firont  of  the  Ecole  Militaire,  shall  be 
called  the  Bridge  of  Jena,  in  commemoration  of  the  victory  achieved  by 
the  French  arms  at  that  place. 

The  bridge  consists  of  five  equal  arches,  each  of  92  feet  span,  and  the 
breadth  of  road-way  between  the  parapets  is  42  feet  6  inches. 

THE   ABUTMENTS. 

These  are  founded  upon  piles  driven  down  over  the  whole  area,  at 
intervals  of  about  4  feet.  On  the  left  bank  of  the  river  the  spaces  between 
the  pile  heads  were  filled  in  with  rubble,  grouted  with  lime  mortar,  and 
covered  over  with  a  platform,  on  which  rests  the  masonry  of  the  abutment. 
The  abutment  on  the  right  bank  was  constructed  in  a  caisson  which  rests 
upon  a  pavement  of  hard  stone,  set  by  hand  between  the  heads  of  the 
piles.  Both  the  abutments  are  built  of  squared  masonry  of  hard  stone. 
They  are  45  feet  in  thickness  from  the  face  of  dressed  masonry  to  the 
outside  of  the  rubble  backing,  and  the  face  is  carried  up  vertically  to  the 
height  of  36  feet,  measuring  from  the  foundation  to  the  under  side  of  the 
cornice  or  string  course.  At  the  ends  of  the  abutments  commence  the  two 
walls  of  the  quay,  which  are  built  along  the  bank  of  the  river.  The  face  of 
the  abutment  is  3  feet  6  inches  in  advance  of  the  face  of  these  walls  at 
their  foundation,  and  as  these  have  a  batter  of  1  in  10,  the  face  of  the 
abutment  is  7  feet  in  advance  of  them  at  the  level  of  the  under  side  of  the 
cornice.  The  dimensions  of  the  abutments  will  be  seen  from  the  elevation 
and  from  the  plan  in  Plate  57. 

PIERS. 

The  four  piers  are  each  11  feet  in  thickness  at  the  foundation  above  the 
footings,  and  10  feet  in  thickness  at  the  under  side  of  the  impost  or 
springing  course.  They  are  carried  up  solid,  with  semicircular  ends, 
as  shown  in  the  plan,  Plate  57.  The  first  pier  from  the  left-hand  side 
of  the  river  rests  upon  two  courses  of  footings  which  are  founded  upon 
piling,  covered  by  a  wooden  platform.  The  other  piers  were  founded  in 
caissons,  of  which  the  bottoms  rest  upon  piling  driven  down  to  the  level 
of  5  feet  below  the  top  of  the  footings.  The  spaces  between  the  pile 
heads  were  filled  with  rubble  stones,  grouted  with  a  coarse  concrete  of 
quicklime,  sand,  and  gravel.  Sheeting  piles  are  driven  all  round  them, 
and  the  outside  of  these  is  surrounded  by  a  rough  protection  of  large 
rubble  stones,  thrown  in  to  prevent  the  foundations  from  being  under- 
mined. On  the  bottom  of  each  caisson  rest  three  courses  of  squared 
stone,  forming  the  footings   or  foundation  courses  on  which  the  piers 
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are  carried  up.  The  form  of  the  springing  course^  with  its  fillet  and 
projecting  impost,  and  that  of  the  cutwater  caps^  will  be  seen  from  the 
transverse  section  and  elevation  in  Plate  57. 

ARCHES. 

The  five  arches  are  all  of  the  same  size,  namely,  91  feet  9  incha  m 
span,  with  a  versed  sine  of  10  feet  9  inches,  and  the  curve  is  a  segment  of 
a  circle  whose  radius  is  102  feet.  The  springing  of  the  arches  is  20  feet 
above  the  surface  of  the  upper  course  of  footings.  The  depth  of  trdi- 
stones  at  the  key-stone  is  5  feet.  Each  arch  is  composed  of  67  voussoin, 
and  the  whole  exterior  of  each  arch  is  covered  vrith  a  bed  of  cement 
and  gravel,  7  inches  in  thickness. 

ENTABLATURE. 

The  stone  cornice  is  3  feet  in  depth,  and  is  shown  in  detail  by  the 
transverse  section  and  enlarged  elevation  in  Plate  57*  M.  Lamande  hn 
borrowed  the  idea  of  this  form  of  cornice  from  the  Temple  of  Mars  at 
Rome,  under  the  impression  that  it  would  greatly  contribute  to  die 
decoration  of  this  monument. 

PARAPETS. 

The  parapets  are  3  feet  2  inches  in  height,  composed  of  a  single  pliii 
course  of  stones  set  on  edge,  and  terminated  at  the  ends  by  four  pedestab. 

FOOT-PATHS    AND    CARRIAGE-WAY. 

The  foot-paths  are  paved  with  squared  stones  and  separated  firom  tbe 
carriage-way  by  curb-stones  of  hard  and  durable  material.  The  carriage^ 
w^ay  is  formed  of  paving  stones  bedded  upon  a  thickness  of  7  inches  of 
gravel.  The  surface  is  formed  of  the  curve  shown  in  the  transverse 
section,  and  the  drainage  and  escape  of  water  are  provided  for  by  pipes. 

TOWING-PATH. 

The  towing-path  is  carried  under  the  first  arch  on  the  right  bank  of  tbe 
river.  Its  surface  is  raised  12  feet  above  the  level  of  the  top  of  the 
footings,  and  the  retaining  wall  in  front  is  built  of  dressed  ashlar.  He 
wall  has  two  courses  of  footings,  and  was  founded  in  a  caisson  which  rests 
upon  piling,  as  shown  in  the  elevation,  Plate  56.  In  passing  under  the 
arch  of  the  bridge,  the  towing-path  sweeps  inward,  as  shown  in  the  plan, 
Plate  57;  and  on  each  side  of  the  bridge  the  water-way  gains  the  ad- 
ditional width  given  by  the  set-ofF  of  the  quay  wall,  close  in  front  of  whidi 
is  the  towing-path,  as  shown  by  the  plan  last  referred  to.  The  spaces 
between  the  pile  heads  in  tlie  foundation  of  the  towing-path  wall  are  fiDed 
with  rubble  stones,  the  same  as  in  the  foundations  of  the  piers.  The 
thickness  of  the  wall  immediately  above  the  footings  is  7  feet  6  inches,  and 
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the  face  is  carried  up  with  a  batter  of  1  in  10.  The  foot  of  the  wall 
is  defended  from  injury  by  sheet  piling  driven  all  round  it  and  levelled  off 
at  the  same  height  as  the  piles  of  the  foundation  which  support  the  bottom 
of  the  caisson^  and  is  further  protected  by  large  rubble  stones  thrown  in 
round  the  sheet  piling. 


THE  DEVIL'S  BRIDGE,  OVER  THE  SERCHIO,  NEAR  LUCCA,  IN  ITALY. 

Plate  58. 

This  structure,  erected  about  the  year  1000,  is  the  only  one  now 
remaining  of  the  numerous  bridges  which  once  spanned  the  wild  and 
turbulent  Serchio.  It  consists  of  one  large  arch  of  120^  feet  in  span,  one 
land  arch  on  the  left-hancj  side  of  I7i  feet  span,  and  three  arches  on  the 
right-hand  side,  the  first  from  the  main  arch  having  a  span  of  46  feet 
10  inches,  the  second  of  33  feet,  and  the  third  of  27  feet  10  inches.  The 
large  arch  is  semicircular,  and  springs  at  once  from  the  rock  which  forms 
the  bed  of  the  river.  The  other  arches  are  also  semicircular,  but  they 
spring  from  a  higher  level  than  the  main  arch,  as  shown  in  the  elevation. 
The  quoins  of  the  smaller  arches  and  all  the  voussoirs  of  the  large  arch 
are  of  dressed  stone.  The  piers,  spandrils,  and  every  other  part  of  the 
bridge,  are  of  rubble.  The  courses  of  stone  in  the  large  arch  vary  from 
8  inches  to  21  inches  deep,  but  there  are  very  few  of  the  latter  depth. 

The  surface  of  the  rock  was  dressed  to  a  somewhat  uniform  and  even 
face  for  the  foundation  of  the  large  pier,  but  all  the  other  piers  are  founded 
upon  the  natural  surface,  however  irregular. 

Mr.  R.  Townshend,  C.E.,  to  whom  we  are  indebted  for  most  of  the 
particulars  respecting  this  bridge,  states  that  the  principal  kinds  of  stone 
used  in  its  construction  are  a  blue  limestone  and  a  variety  of  sandstone. 
When  Mr.  Townshend  visited  the  bridge  in  November,  1838,  it  had  lately 
undergone  some  repairs,  principally  about  the  parapets,  coping,  wings,  and 
road-way,  and  he  adds  that  the  structure  promises  to  last  for  many  years  to 
come. 

It  will  scarcely  be  necessary  to  observe  that  this  bridge  is  not  presented 
as  a  specimen  worthy  of  being  imitated  in  these  days,  when  every  element 
of  luxury  and  convenience  enters  so  essentially  into  the  composition 
of  a  bridge  design.  The  bold  rude  arch  which  spans  the  Italian  river 
rises  far  above  the  limits  demanded  for  head  room  by  any  flood  which 
could  ever  occur,  while  the  small  arches  which  flank  it  spring  from  so  low 
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a  level  as  to  impose  on  the  road-way  an  indinatxm  ahiKWt  too  steep  ibr 
the  passage  of  wheeled  carriages.  Wlien  to  this  we  add,  that  in  conse- 
quence of  perpendicular  rocks  sereral  hundred  feet  high  od  oidi  aide  of  the 
river,  the  road-way,  which  is  only  9  feet  wide,  turns  very  abnqidy  at  die 
wings,  it  will  at  once  be  seen  how  remarkably  all  modem  ideas  of  coo- 
venience  and  adaptation  have  been  violated.  Indeed,  whatercr  poipoK 
the  bridge  may  have  originally  been  intended  and  used  for,  Mr.  Tova- 
shend  observes  that  in  consequence  of  its  steepness,  narrowness,  and  the 
angles  formed  in  the  road-way  at  the  wing  walls,  it  is  at  present  impassibk 
for  vehicles. 

Notwithstanding  its  great  defects,  however,  there  is  mucli  to  admire 
in  this  relic  of  ancient  architecture,  which,  built  of  the  rodest  materials. 
and  presenting  as  it  were  a  mere  perforated  wall  of  only  1 2  feet  in  thin- 
ness to  the  floods  of  a  rapid  and  impetuous  river,  has  yet  withstood  iti 
fiiry  for  more  than  eight  centuries.  During  the  dry  season  of  summer,  the 
water  of  the  river,  being  very  low,  as  shown  in  the  Plate,  finds  a  quiet 
passage  through  one  side  of  the  main  arch ;  but  when  swollen  by  rains  and 
by  numerous  mountain  torrents,  the  floods  of  the  Serchio  assume  « 
immense  volume  which  is  borne  along  with  great  velocity.  These  floodi 
commonly  reach  above  one  or  more  of  the  smaller  arches,  and  delogii^ 
the  road-way,  of  course  render  the  bridge  quite  impassable.  Mr.  Townsbcnd 
observes  that  one  can  scarcely  think  it  possible,  while  standing  on  die 
crown  of  the  large  arch,  that  a  structure  so  slight  could  withstand  the  rush 
of  a  head  of  water  upwards  of  30  feet  deep,  sweeping  through  the  arches 
at  the  rate  of  8  miles  an  hour. 

It  vriU  be  seen  from  the  plan  that  a  peculiar  raking  form  has  been  given 
on  the  up-stream  side  to  the  cutwaters  of  the  piers.  This  form  has  been 
adopted  in  order  to  divert  and  guide  the  greater  part  of  the  flood  through 
the  openings  of  the  arches.  The  direction  of  the  current  is  shown  by  the 
arrow  on  the  plan,  from  which  it  appears  that  this  singular  form  of  cot- 
water  is  the  best  adapted  to  cleave  the  current  and  to  suffer  its  passage 
with  the  least  possible  resistance.  It  is  remarkable  that  except  in  one 
instance  the  piers  are  provided  with  no  corresponding  projection  on  the 
lower  side  of  the  bridge.  We  should  not  omit  to  notice  that  thb  bridge 
undoubtedly  owes  much  of  its  stability  to  the  quality  of  its  mortar,  as 
excellence  for  which  Italy,  above  all  other  countries,  has  never  ceased  to 
be  very  highly  celebrated. 
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BRIDGE  ACROSS  THE  RIVER  FORTH,  AT  STIRLING. 

Plates  59  and  60. 

This  is  a  stone  bridge  of  five  arches^  erected  by  Robert  Stevenson,  Esq., 
of  Edinburgh.  The  centre  arch  is  60  feet  in  span,  two  others  are  58  feet 
each,  and  the  remaining  two  are  53  feet  6  inches.  The  whole  length  of 
the  bridge  from  end  to  end  of  the  parapet  walls  is  424  feet,  and  the 
breadth  between  the  parapets  is  32  feet  10  inches. 

All  the  piers,  abutments,  and  wing  walls  are  founded  on  piles,  which  are 
18  feet  in  length  and  9  inches  square.  These  piles  are  driven  at  distances 
of  4  feet  apart  from  centre  to  centre,  and  are  shod  and  hooped  with  iron, 
as  described  for  the  piling  of  Hutcheson  Bridge,  vol.  i.  p.  106.  A  waling 
of  beech  timber  12  inches  in  depth  is  fixed  aU  round  the  outer  rows  of 
bearing  piles,  and  bolted  to  each  pile  with  two  screw  bolts,  as  described 
for  Hutcheson  Bridge.  Transverse  stretchers  of  dimensions  similar  to 
those  of  the  waling  pieces  are  bolted  to  the  inner  rows  of  bearing  piles. 
The  sills  or  sleepers  resting  on  the  tops  of  the  bearing  piles,  and  the 
close  planking  which  completes  the  timber  foundation,  are  all  precisely 
similar  to  that  specified  for  Hutcheson  Bridge.  All  the  piers  and  abut- 
ments have  five  courses  of  footings.  In  the  abutments  the  lower  course 
of  footings  is  16  feet  9  inches  thick,  and  the  thickness  or  breadth  of 
each  course  diminishes  by  an  offset  of  6  inches  on  each  side.  The 
depth  of  the  whole  five  courses  is  7  feet.  Above  the  footings  the  abut- 
ments have  a  basement  2  feet  8  inches  in  depth  and  12  feet  3  inches  in 
breadth.  The  piers  have  a  basement  of  the  same  depth,  and  10  feet 
2  inches  in  breadth.  The  thickness  of  the  abutments  above  the  basement 
is  12  feet,  and  from  this  level  to  the  under  side  of  the  impost  they  are 
carried  up  with  a  slight  batter,  which  diminishes  the  thickness  at  that 
height  to  11  feet  8  inches.  The  piers  are  9  feet  8  inches  thick  above  the 
basement,  and  batter  to  9  feet  at  the  impost.  The  piers  and  abutments 
are  built  of  solid  squared  ashlar  masonry.  The  wing  walls  are  founded 
in  steps  at  the  several  depths  shown  in  the  longitudinal  section,  Plate  GO. 
They  form  a  continuation  of  the  masonry  of  the  abutments,  and  are  con- 
nected with  the  latter  at  the  back  by  a  horizontal  counter  arch.  This 
arch  is  of  an  elliptical  form,  and  is  carried  up  in  regular  courses  composed 
of  header  and  stretcher  alternately  to  the  top  of  the  springing  course. 
The  dimensions  of  the  stones  and  courses  for  the  abutments,  piers,  and 
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wing  walls  are  similar  to  those  of  Hutcheson  Bridge,  in  the  specificatko 
of  which^  already  referred  to,  these  are  particularly  described. 

The  spans  and  versed  sines  of  the  several  arches  mre  fignved  on  tiie 
longitudinal  section.     The  intrados  or  inner  circle  of  aD  the  arches  ii 
struck  with  a  radius  of  40  feet,  and  the  extndos  or  outer  cirde  widi 
a  radius  of  45  feet.     The  depth  of  arch-stones  at  the  crown  of  the  aidi  b 
2  feet  9  inches,  and  this  depth  increases  regularly  to  the  springing,  when 
they  measure  3  feet  6  inches  in  depth.    The  springers  for  all  the  aidiei 
are  4  feet  6  inches  in  breadth,  S  feet  3  inches  in  thickness,  and  not  ks 
than  2\  feet  in  length.     The  breadth  of  the  two  lines  of  springers  on  tmi 
pier  covers  the  whole  top  of  the  pier.     Resting  upon  the  springing  conrKy 
a  cross  wall  is  carried  up  over  each  pier.    These  cross  walls  are  3  feti  ii 
thickness;  they  extend  entirely  across  the  bridge  between  the  spandd 
walls,  and  are  carried  up  perpendicular  to  the  several  heights   maifad 
on  the  longitudinal  section.     A  cross  wall  is  also  carried  np  over  tlie 
springing  course  of  the  abutments.     These  cross  walls  are  8  feet  6  indicf 
in  thickness  at  the  level  of  the  springing,  and  they  diwnJTiiA  by  tto 
offsets  to  6  feet  6  inches  at  top.    Along  the  whole  length  orer  the  abut- 
nients,  piers,  and  arches,  are  built  seven  interior  spandrils,  whidi  abut 
at  each  end  against  the  counter  arches  of  the  abutment,  and  divide  the 
whole  breadth  across  the  bridge  into  eight  compartments.     These  viOi 
are  2  feet  in  thickness  at  bottom,  and  1  foot  and  |  at  top.   TlieT  are  bonded 
into  the  cross  walls  already  described,  and  on  the  top  of  all  these  spandril 
waUs   is  laid  a  coping  of  hammer-dressed  flag-stones,  IS  inches   broad 
and  7  inches  thick.     Upon  this  coping  is  laid  a  surface  of  paving  flag- 
stones. cc»vering  the  whole  space  between  the  outer  spandril  walls.     These 
j>aving  stones  are  7  inches  in  thickness;  they  are  laid  with  a  snfBdeni 
bearing  upon  the  spandril  and  cross  walls,  and  no  stone  contains  less  than 
8  square  feet  of  surface.     Over  this  pavement,  along  the  whole  leDo:th 
of  the  bridge,  is  a  clay  puddle  1 2  inches  in  thickness,  and  this  is  covered 
by  a  stratum  of  gravel  for  the  Tx>ad-metalling.  as  particularly  described 
in  the  specification  for  Hutches<in  Bridge.     Spaces  of  6  inches  square 
are  left  in  the  interior  spandrils  and  cross  walls,  to  admit  a  free  ciTxruladon 
of  air  thromrh  the  interior  of  the  brid2?e. 

The  outer  spandril  walls  are  3  feet  in  thickness  at  the  levri  of  the 
springing  course,  and  2^  feet  in  thickness  at  the  top.  These  walls  ire 
carried  up  with  radiating  courses  in  continuation  of  the  comnses  in  tiie 
arches. 

In  front  of  each  abutment  is  a  projecting  pilaster.  9  feet  6  inches  in  width. 
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The  pilasters  over  the  piers  are  each  9  feet  in  width  at  the  springing 
course,  and  7  feet  at  the  under  side  of  the  cornice.  All  th6se  pilasters, 
as  well  as  those  of  the  wing  walls,  are  continued  above  the  cornice  by 
corresponding  pilasters  in  the  parapet  walls.  The  frieze  under  the  cornice 
is  1  foot  6  inches  in  depth,  and  projects  2  inches  over  the  face  of  the 
spandril  walls.  The  stones  of  this  course  are  not  less  in  length  than 
3i  feet,  nor  less  in  breadth  of  bed  than  14  inches.  The  exterior  surface 
of  these  stones,  and  of  all  the  masonry  in  the  bridge  up  to  this  height,  is 
of  rusticated  work,  and  all  the  joints  are  chamfered. 

The  cornice  is  14  inches  in  depth,  composed  of  stones  not  less  than 
3i  feet  in  length,  and  projecting  15  J  inches  over  the  face  of  the  frieze. 
The  stones  of  the  cornice  are  dressed  and  set  in  all  respects  as  described 
in  the  specification  for  Hutcheson  Bridge.  The  parapet  walls  consist 
of  a  basement,  dado,  and  coping.  The  former  is  14 i  inches  in  thickness, 
composed  of  stones  not  less  than  4  feet  in  length.  The  dado  is  12  inches 
in  thickness,  and  the  coping  14  inches. 

For  a  particular  description  of  the  parapet  walls,  the  road-way,  lamp 
irons,  &c.,  see  specification  of  Hutcheson  Bridge. 

The  piers  and  abutments  of  Stirling  Bridge  were  built  of  hard  whin- 
stone,  a  provincial  name  given  to  the  volcanic  rock  called  green-stone 
by  geologists.  It  was  originally  intended  to  build  the  rest  of  the  bridge 
of  free-stone,  but  as  the  work  advanced  it  was  determined  to  employ 
green-stone  for  the  whole  elevation.  The  materials  were  procured  from 
quarries  in  the  neighbourhood  of  Stirling,  and  from  the  North  Queens- 
ferry  on  the  Forth.  The  erection  of  the  bridge  was  contracted  for  by 
Mr.  Kenneth  Matheson,  and  its  cost  amounted  to  about  £17^000. 


TIMBER  BRIDGES,  &c.  ON  THE  UTICA  AND  SYRACUSE  RAILROAD, 

IN    THE    UNITED    STATES. 

Plates  61,  62,  63,  63%  64,  64%  65,  66,  67,  67%  68,  69,  70,  70%  70*,  70% 

70%  70%  70%  AND  70^. 

(See  Isherwood^s  Practical  Description,  vol.  ii.  pp.  xi.  to  Ixxiv.) 
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BRIDGE  OVER  THE    RIVER  ADDA.  AT  TREZZO.    MIU 

Plate  71. 

The  principal  particulars  which  are  known  respecting  this  ren 
ruin  are  contained  in  a  note  which  will  be  found  on  the  Plat 
bridge  was  situate  close  to  the  castle  of  Trezzo,  which  is  now  also  i 
and  which  was  formerly  the  residence  of  the  Duke  of  Milan,  menti 
the  note  referred  to.  The  bridge  was  built  as  a  commanicatioo  I 
the  castle  and  the  opposite  bank  of  the  river,  and  is  supposed  to  hi 
destroyed  about  120  years  after  its  erection.  The  parts  of  the  arc 
remain  in  position  on  each  side  afford  the  means  of  restoiiDg  the 
the  curve  on  a  drawing,  and  show  the  arch  to  have  been  one 
immense  size,  that  the  absence  of  information  respecting  the  who 
of  its  construction  is  much  to  be  regretted. 


ELY  BRIDGE.  OVER  THE  RIVER  OUSE.  AT  ELY.  CAMBRIDGE 
Plates  72,  73,  74,  and  75. 

This  is  an  iron  bridge  constructed  by  the  Butterley  Company- 
Dean  and  Chapter  of  Ely,  from  the  designs  of  Joseph  Glynn,  Esq.. 

The  bridge  is  erected  within  a  sliort  distance  of  the  cathedral,  ai 
comprising  almost  every  variety  of  style  in  ecclesiastical  architecti 
the  approach  to  it  is  lined  by  many  quaint  and  curious  building) 
design  seems  intended  to  impart  to  the  structure  a  character  in 
with  the  localities  of  this  ancient  citj-  of  the  fens.  The  bridge  is  I 
in  length  from  end  to  end  of  the  wing  walls,  and  is  built  in  an 
direction  to  the  line  of  the  road-way.  The  two  arches  are  each  42^ 
span,  measured  on  the  skew  line.  Each  areh  is  composed  of  foi 
supporting  a  road-way  13  feet  6  inches  Tvide.  The  pier  rests  upoi 
the  heads  of  which  are  covered  by  a  double  thickness  of  3-inch  pli 
Above  this  are  four  courses  of  footings,  each  a  foot  in  depth,  and  1 
upper  courses  are  diminished  1iy  offsets  of  G  inches  all  round  their  sic 
ends.  The  plinth  of  the  pier  is  built  upright,  5  feet  in  heigh^  and 
level  there  is  a  set-off  of  6  inches.  Above  the  plinth  the  height  of  t 
up  to  the  springing  is  6  feet.  It  is  built  of  squared  masonry,  and 
upright  with  a  thickness  of  5  feet  3  inches,  as  shown  in  the  plan,  PI 
The  abutments  are  founded  at  a  depth  of  7i  feet  below  the  level  o. 
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in  the  river :  they  rest  upon  piling  and  planking  similar  to  that  of  the  pier. 
Each  abutment  has  three  courses  of  footings^  the  two  upper  courses  having 
offsets  of  6  inches  all  round,  except  at  the  back,  where  they  are  carried  up 
perpendicular.  The  plinth  of  the  abutments  is  the  same  height  as  that  of 
the  pier,  and  terminates  at  the  same  level.  In  front  of  each  abutment  is  a 
pilaster  4  feet  6  inches  wide  up  to  the  top  of  the  plinth,  and  4  feet  wide 
above  that  height.  These  pilasters  project  2  feet  beyond  the  face  line  of 
the  bridge,  and  correspond  with  the  small  pilasters  in  the  parapet  walls. 
The  wing  waUs  are  founded  2  feet  9  inches  below  the  top  of  the  plinth ; 
and  the  set-off  at  the  top  of  the  abutment  plinth  is  continued  along  the 
face  of  die  wing  walls.  At  its  junction  with  the  abutment  each  wing  wall 
is  10  feet  in  height  from  the  top  of  the  plinth  to  the  under  side  of  the 
string  course ;  and  at  the  extremity  of  each  wing  wall  its  height  between 
the  same  two  points  is  8  feet,  the  difference  of  level  being  occasioned  by 
the  slope  of  the  road-way.  The  wing  walls  are  built  in  a  curved  form, 
with  pilasters  at  the  ends,  as  shown  in  the  plan,  Plate  72.  The  stone 
parapet  over  the  wing  walls  is  quite  plain,  with  a  coping  12  inches  in 
thickness. 

Plate  73  contains  an  enlarged  elevation  of  part  of  a  rib,  and  plans  of 
the  abutment  and  pier  plates  on  which  the  ribs  rest.  The  abutment  plate 
is  14  feet  9  inches  long,  3  feet  wide  on  the  square,  and  1^  inch  in 
thickness,  with  a  raised  flange  of  2  inches  in  height  all  round  it.  The  pier 
plate  is  the  same  thickness  as  those  of  the  abutments,  and  is  surrounded 
by  a  similar  raised  flange.  These  flanges  are  notched  at  the  proper 
intervals  to  receive  the  ribs  of  the  arches.  The  abutment  plate  is  formed 
with  three  hollows,  which  serve  to  diminish  the  quantity  of  iron  in  the 
casting.  These  hollows  are  2  feet  long  and  a  foot  wide  on  the  square; 
their  figure  is  rhomboidal,  with  the  corners  rounded  off.  The  pier  plate 
has  also  three  rhomboidal  hollows,  2  feet  8  inches  long  and  3  feet  3  inches 
wide  on  the  square. 

Each  of  the  ribs  is  an  inch  and  J  in  thickness,  and  each  is  provided  with 
a  flange  on  one  side  to  receive  the  bolts  for  securing  it  to  the  pier  and 
abutment  plates.  Tliis  flange  abuts  against  projecting  pieces  cast  on  the 
plates,  and  is  wedged  tightly  into  its  place  by  a  key  driven  between  the 
rib  and  a  projecting  boss,  cast  on  the  surface  of  the  plates,  as  shown  in  the 
plan. 

Each  rib  is  96  feet  in  length  by  1|  inches  thick,  and  is  formed  in  such 
a  manner  as  to  present  the  appearance  of  two  separate  arches ;  its  under 
side  forming  two  very  flat  curves,  tlie  ends  of  which  are  turned  down,  so 
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as  to  prevent  any  lateral  pressure  from  acting  against  tlie  abntmrntL 
The  ribs  are  cast  in  three  pieces,  connected  by  means  of  m  scaifed  joint, 
and  secured  laterally  with  1-inch  screw  bolts,  placed  7  inches  apart  firom 
centre  to  centre,  and  longitudinally  by  strong  doweb  mnd  keys:  see  die 
elevation  of  the  joint,  Plate  74. 

The  section  of  each  rib  presents  the  fonn  of  a  cross,  the  mtemal  ribi 
liaving  two  square  projections  of  1  inch  cast  upon  them,  to  support  the 
covering  plates  and  give  additional  strength  to  the  rib ;  the  external  ribi 
have  a  similar  projection  on  the  inside  for  the  same  purpose,  with  a  cone- 
sponding  rounded  one  on  the  outside. 

Ttic  coved  cornice  extending  in  front  of  each  outside  rib,  as  well  as  die 
plinth  or  socket  of  the  parapet  railings,  and  the  spandril  plaie  between 
these,  form  one  piece  of  casting,  which  is  secured  to  the  ribs  by  counter- 
sunk rivets.  The  cornice  is  hollow,  and  is  formed  of  f*inch  cast  iroo, 
resting  at  the  bottom  upon  the  circular  projection  of  the  rib ;  this  cornice 
is  7  inches  deep,  and  projects  5^  inches  in  front  of  the  spandril  plate;  the 
railing  plinth,  which  is  4  inches  in  depth,  is  formed  with  a  small  elliptical- 
shaped  top,  4  inches  in  width.  The  part  of  each  rib  which  rests  upon  and 
adjoins  the  pier  is  cast  with  hollows,  as  shown  in  the  elevation,  and 
ornamented  with  mouldings  to  correspond  with  the  general  design.  The 
end  of  each  rib  where  it  adjoins  the  abutment  is  ornamented  with  two 
raised  shields,  one  bearing  the  arms  of  the  See  of  Ely,  parted  with  those 
of  Dr.  Sparke,  the  late  bishop,  and  the  other  the  arms  of  the  Chapter 
of  the  Cathedral,  parted  with  those  of  the  late  dean.  Dr.  Wood,  the 
venerable  master  of  St.  John's  College,  Cambridge :  there  is  also  a  raised 
inscription  in  old  English  characters,  stating  that  the  bridge  was  cast  by 
the  Butterley  Company  for  the  Dean  and  Chapter  of  Ely,  at  Butterley  Iron 
Works,  Derbyshire,  Anno  Domini  mdcccxxxiii.;  and  there  is  a  moulded 
tablet-work  over  the  pier  to  correspond  with  the  general  design,  as  seen  by 
the  elevation,  Plate  72. 

Tlie  balustrade,  extending  from  one  abutment  pilaster  to  the  other,  is 
3  feet  in  height,  and  consists  of  a  series  of  li-inch  shafts,  placed  6  inches 
apart  from  centre  to  centre,  each  presenting  the  appearance  of  a  Grothic 
niullion :  tlie  plan  and  section  of  these  shafts  are  shown  very  cleariy  in 
Plate  73 ;  they  are  united  to  each  other  at  top  and  bottom  by  a  Gothic 
scroll  arch,  which  not  only  gives  stability  to  the  railing,  but  beautifolly 
harmonizes  with  the  Gothic  style  of  the  adjacent  cathedraL 

The  railing  is  strengthened  and  relieved  by  the  interposition  of  a  larger 
shaft  or  principal  of  the  same  pattern  as  the  smaller  ones.     Every  tenth 
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shaft  is  of  the  larger  size^  and  by  these  latter  shafts  the  railing  is  keyed  to 
the  upper  part  of  the  ribs. 

ITie  whole  is  surmounted  by  a  neat  oval-shaped  hand-railings  shown  on 
an  enlarged  scale  in  Plate  7^* 

The  road  plates  shown  in  Plate  75  are  of  |-inch  cast  iron ;  they  are  3  feet 
9  inches  wide,  and  rest  upon  the  bearing  parts  of  the  ribs ;  four  flanges, 
with  convex  tops,  are  cast  upon  each  plate,  J  inch  wide,  4  inches  deep  in 
the  centre,  and  10  inches  apart.  The  plates  are  also  provided  with  edge 
flanges  3  inches  deep  by  |  inch  wide ;  these  are  bolted  to  the  ribs  at  each 
extremity  by  four  ^-inch  screw  bolts,  so  that  they  serve  the  purpose  of 
lateral  stays  to  the  ribs. 

The  plates  are  brought  together  lengthwise  without  any  flange  or 
other  fastening,  with  a  simple  butt  joint,  and  are  covered  by  the  road- 
metalling. 

The  bridge  has  embanked  approaches,  rising  with  an  easy  inclination  on 
each  side  to  the  crown  of  the  arch. 


HADDLESEY   BRIDGE,   YORKSHIRE. 

BT    JOSEPH    GLYNN,    ESQ.,    F.R.8. 

Plates  76  to  83. 

Til  is  is  a  bridge  built  by  the  Butteriey  Company  over  the  River  Aire, 
at  Haddlesey,  on  the  new  line  of  the  Great  North  Road  from  Doncaster 
to  Selby. 

It  is  a  cast  iron  bridge  of  three  arches;  the  span  of  the  centre  arch 
being  70  feet,  with  7  feet  rise,  and  that  of  the  side  arches  each  50  feet, 
with  6  feet  rise;  its  extreme  length  is  252  feet,  and  the  width  of  the 
carriage-way  24  feet. 

The  piers  and  abutments  are  founded  upon  piles  14  feet  in  lengtli 
by  1  foot  square,  placed  2  feet  6  inches  apart  from  centre  to  centre. 
They  are  covered  by  a  double  thickness  of  3-incli  planking,  this  forming 
a  platform  upon  which  the  foundations  are  laid,  12  feet  below  the  surface 
of  the  water;  the  foundations  consist  of  two  18-inch  courses  of  stone 
footings,  the  upper  one  having  an  ofi*set  of  6  inches  all  round. 

The  piers  measure  at  the  under  side  of  the  footings  11  feet  wide  by 
41  feet  in  length. 

Above  the  footings  the  ends  of  the  piers  are  worked  ofi"  on  the  plan  to 
the  figure  of  a  Gothic  arch,  forming  a  cutwater  at  each  end;  the  piers 
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measure  39  feet  fipom  point  to  point  of  these  catwaters,  and  are  curied 
upright  to  the  height  of  10  feet  above  the  footings,  where  two  sets-rf 
occur,  which  reduce  the  width  of  the  pier  to  7  feet.  At  the  hei^t  d 
14  J  feet  above  the  planking  the  cutwaters  are  surmounted  by  a  mitred 
coping  5  feet  high  and  7  feet  wide. 

The  shafts  of  the  piers  are  continued  up  to  the  springing  line,  widi 
plain  squared  sides  and  ends  of  masonry,  without  any  batter. 

Plate  80  contains  a  section  of  the  abutments  taken  at  the  cxntrc  line. 
These,  like  the  piers,  are  built  of  squared  stone  masonry,  and  their  dimen- 
sions are  fully  detailed  in  the  Plate. 

The  abutments  are  worked  into  the  wing  walls,  and  are  strengthened  it 
the  back  by  a  counter  arch  of  a  semicircular  form ;  the  intrados  of  this 
arch  is  worked  with  flush  face  to  a  radius  of  8  feet  6  inches.  It  is  built 
of  heavy  ashlar,  close  jointed,  and  fitted  in  the  most  substantial  manner; 
its  extrados  is  also  worked  with  vertical  joints  and  beds^  and  is  aqoaied 
to  suit  the  abutting  courses  of  the  wing  walls  and  abutments. 

This  counter  arch  is  intended  in  an  effectual  manner  to  resist  the  thrust 
of  the  arch :  see  Plate  82. 

The  wing  walls,  founded  upon  footings,  are  formed  with  a  slight  corre 
outwards,  and  stepped  up  the  slope,  with  offsets,  as  shown  in  the  Hate. 
lliey  are  terminated  by  a  small  pilaster  6  feet  high,  founded  2  feet  beknr 
the  surface  of  road. 

In  Plate  80  is  shown  a  section  of  the  stone  parapet  over  the  abutments 
and  wing  walls ;  each  parapet  is  30  feet  in  length,  and  is  surmounted  by  t 
plain  coping  9  inches  in  thickness,  with  its  upper  edge  washed  off  to  the 
depth  of  3  inches. 

The  horizontal  springing  line  of  the  central  arch  is  9  feet  6  inches 
above  the  level  of  the  water.  That  of  the  two  side  arches  inclines  in 
a  downward  direction  from  the  middle  of  the  bridge,  so  as  to  be  at  the 
abutments  8  feet  above  the  water  level,  and  to  correspond  with  the 
embanked  approaches,  and  consequent  curve  given  to  the  road-way  and 
string  course. 

Plate  76  comprises  a  plan  of  part  of  the  iron  pier  plates,  which  are 
placed  upon  the  piers  to  support  the  ends  of  the  ribs;  this  pier  plate 
is  6  feet  4  inches  in  i^ddth,  and  is  firmly  secured  to  the  masonry  of  the 
pier  by  1  Jr-inch  screw  bolts ;  six  rectangular  hollows,  each  2  feet  4  inches 
long  by  3  feet  wide,  having  the  comers  rounded  off",  are  cast  in  each 
pier  plate,  one  between  each  pair  of  ribs,  leaving  1  foot  6  inches  of  plate 
between  the  spaces. 
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The  abutment  plates  are  placed  in  a  direction  radiating  to  the  centres  of 
the  side  arches ;  they  are  cast  with  three  small  hollows^  the  same  length  as 
those  in  the  pier  plates.  •% 

Plate  78  shows  the  strong  cast  iron  frame-work,  or  standard,  which  is 
fixed  over  the  pier,  and  firmly  secured  by  bolts  and  keys  to  the  pier  plate ; 
it  also  shows  the  bolt  holes  by  which  the  ribs  are  attached  to  it;  these 
are  1^  inch  square,  and  are  placed  9  inches  apart  from  centre  to  centre 
on  one  side,  and  about  1  foot  8  inches  apart  on  the  other ;  the  standard  is 
5  feet  in  width,  and  is  overlapped  on  the  top  by  the  cast  iron  cornice. 

The  section  of  one  of  the  diagonal  braces  of  the  standard  is  also  given 
in  this  Plate,  and  the  elevation  shows  that  the  standard  has  triangular 
openings  with  rounded  corners.  The  mouldings  and  general  outline  of 
the  standard  are  of  a  plain  Grecian  character,  which  corresponds  with 
the  general  style  of  the  fabric. 

Each  arch  consists  of  seven  ribs;  those  of  the  centre  arch  are  cast  in 
three  pieces,  connected  by  lapped  joints  21  inches  long,  and  made  fast 
by  six  screw  bolts.  The  ribs  of  the  side  arches  are  each  cast  in  two 
pieces,  connected  at  the  centre  of  the  arch  by  a  lapped  joint  18  inches 
long,  with  four  bolts  passing  through  and  secured  by  nuts:  these  con- 
nexions are  seen  in  Plate  77- 

This  Plate  also  represents  the  plan  and  elevation  of  one  rib  of  the 
centre  arch,  and  one  for  the  side  arches,  from  which  will  be  seen  their 
general  dimensions,  and  those  of  the  four  hollows  cast  in  them. 

Plate  78  represents  an  enlarged  elevation  of  the  outside  rib  of  the 
centre  arch,  and  shows  a  section  across  the  bottom  part  of  the  rib,  from 
which  it  appears  that  the  thickness  of  the  plate  of  the  rib  is  1 J  inch, 
that  the  bottom  flange  is  5^  inches  wide,  and  that  each  hollow  is  bounded 
by  an  oval-shaped  moulding  4  inches  in  width:  the  small  transverse 
section  in  Plate  77  shows  the  form  of  the  middle  parts  of  an  inside  and 
outside  rib  for  the  centre  arch. 

The  inside  ribs  are  cast  with  a  projection  3  inches  wide  on  each  side  to 
support  the  road-way  plates,  and  the  external  rib  has  a  projection  of  the 
same  kind  on  the  inside  only.  The  bottom  flanges  are  of  course  5  J  inches 
wide,  similar  to  that  shown  on  a  larger  scale  in  Plate  78. 

The  bridge  is  strongly  braced  transversely  and  diagonally,  as  shown 
in  Plate  77 ;  the  transverse  braces  consist  of  distance  tubes  alternately 
4  inches  and  6  inches  in  diameter,  and  I^  inch  thick;  these  tubes  are 
placed  at  the  intersections  of  the  diagonal  braces,  and  are  formed  with 
flanges  which  abut  against  the  ribs. 
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Through  the  line  of  tabes  which  is  fixed  at  the  centre  of  emA  wtA 
passes  a  wrought  iron  tension  bar  I  inch  square,  which  extends  entiidf 
across  all  the  ribs;  the  diagonal  braces  are  attached  to  the  ribs  hj 
flanges. 

The  plan  in  Plate  77  shows  the  position  of  these  braces  in  one  diiectioi, 
and  their  position  on  a  vertical  plane  is  shown  by  the  dotted  lines  od  the 
elevation  in  the  same  Plate. 

Plate  7^  is  &  transverse  section  showing  on  a  lai^  scale  a  side  elerstioii 
of  the  standard  on  the  pier ;  the  small  hatched  figure  on  one  of  the  baoo 
shows  its  cross  section,  which,  together  with  the  other  hatched  sectioDS 
referring  to  the  top  and  bottom  parts  of  one  of  the  ribs,  will  be  readSiy 
understood.  This  Plate  also  shows  the  hollow  moulded  cornice,  with  its 
flat  top  projecting  8  inches  beyond  the  plinth  of  the  railing. 

The  palisade  is  of  the  antique  water-plant  pattern;  the  plinth  is  10 
inches  deep,  and  the  shafts  of  the  palisade  are  placed  6^  inches  apvt 
from  centre  to  centre;  the  coping  rail  is  10  inches  wide  and  4  incbei 
deep,  making  the  whole  height  of  the  balustrade  4  feet;  a  larger  shift 
occurs  at  intervals,  and  the  extremity  of  this  buger  shafit  is  keyed  to  Ae 
plinth,  as  shown  in  Plate  82. 

A  plan  of  a  covering  plate  is  seen  in  Plate  76 ;  these  plates  are  4  feet 
long  by  3  feet  9  inches  wide,  and  }  inch  thick,  with  an  edge  flange  3 
inches  high  and  J  inch  thick,  cast  upon  two  sides  and  bolted  to  the  ribs. 

Each  plate  has  also  three  ribs  cast  upon  it  in  a  transverse  direction, 
J  inch  thick,  forming  in  elevation  the  segment  of  a  circle.  These  ribs 
arc  4^  inches  high  in  the  centre,  2^  inches  at  the  sides^  and  11  inches 
apart. 

There  is  also  an  under-lip  cast  upon  each  plate  for  the  adjoining  one  to 
rest  upon.  Tliis  under-lip  is  in  the  form  of  a  half  oval,  and  is  shown,  fiiO 
size,  in  Plate  75. 


BRIDGE   OVER  THE   LEA   CUT,   ON  THE   LONDON   AND    BLACK- 
WALL   RAILWAY. 

Plates  84,  85,  and  86. 

This  bridge  crosses  the  Lea  Cut  with  a  single  arch  of  87  feet  span  and 
16  feet  rise;  its  length  is  126  feet,  and  the  width  between  the  balustrades 
24  feet. 

It  was  built  by  Messrs.  Grissell  and  Peto  for  the  BlackwaU  Railway 
Company,  at  a  cost^  including  the  permanent  way,  of  £4850. 
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The  foundations  consist  of  a  bed  of  concrete,  &ced  with  a  brick  wall 
returned  round  the  ends  of  the  abutments. 

The  whole  of  the  railway  being  constructed  on  arches,  a  small  part  of 
those  on  each  side  is  shown  in  Plate  84.  It  will  be  seen  from  this  Plate, 
that  the  arch  adjoining  the  west  abutment  of  the  bridge  is  built  in  an 
oblique  direction,  thus  giving  to  it  the  form  of  abutment  shown  in  the 
plan.  The  concrete  for  this  abutment  is  7  feet  3  inches  thick,  being  flush 
with  the  outside  of  the  footings  at  the  ends  and  back  of  the  abutment. 

The  face  wall  in  front  of  the  concrete  is  founded  9  feet  6  inches  below 
high-water  mark,  as  shown  on  the  elevation,  Plate  84 ;  it  is  34  feet  long, 
3  feet  thick,  and  8  feet  3  inches  high,  being  brought  to  a  level  with  the 
top  of  the  concrete,  and  returned  round  the  ends  to  the  length  of  7  feet 
6  inches  on  the  north  side,  and  9  feet  6  inches  on  the  south. 

The  western  abutment  is  raised  upon  eight  courses  of  footings,  having 
an  aggregate  depth  of  2  feet,  with  oflFsets  of  2^  inches.  Its  length  at  the 
base  of  the  footings  is  30  feet,  and  its  breadth  45  feet  at  the  north  end, 
and  24  feet  at  the  south  end. 

The  pilasters  in  front  of  each  end  of  this  abutment  are  17  feet  wide,  and 
project  2  feet  from  the  face.  Tlie  pilasters  are  built  upright  to  the  under 
side  of  the  string  course,  where  they  are  terminated  by  a  frieze  which  is 
2  feet  deep,  and  projects  2  inches.  The  pilaster  is  of  brick-work  to  the 
height  of  2  feet  above  the  footings. 

This  is  succeeded  by  two  courses  of  rustic-dressed  ashlar  facing,  with 
chamfered  joints,  the  lower  course  being  2  feet  6  inches  deep  and  2  feet 
6  inches  wide,  and  the  upper  one  2  feet  3  inches  deep  and  1  foot  6  inches 
wide. 

The  remaining  part  of  the  pilaster  between  the  face  courses  and  the 
frieze  is  built  of  bricks,  with  quoins  of  ashlar  stone,  rustic-dressed,  and 
chamfered  on  the  face,  placed  with  an  alternate  header  and  stretcher  in 
courses  2  feet  thick. 

All  the  stone  used  in  this  bridge  is  from  the  New  Leeds  quarry. 

The  plan  of  the  abutment  at  the  upper  side  of  the  footings  contains  a 
trapezoidal  space,  the  sides  of  which  are  17  feet  6  inches  and  4  feet 
6  inches,  with  a  perpendicular  of  18  feet.  This  space  is  filled  with 
concrete,  and  carried  up  in  the  same  form  to  the  top  of  the  abutment, 
that  is,  to  the  height  of  13  i  feet  above  the  springing  of  the  arch. 

The  springing  course  is  of  ashlar,  5  feet  deep  by  5  feet  wide,  and 
projecting  3  inches  in  front  of  the  abutment  face ;  its  upper  bed  is  made  to 
radiate  to  the  centre  of  the  arch.     The  remaining  part  of  the  abutment  is 
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built  of  brick-work,  laid  in  lime  mortar,  and  carried  upright  to  tfie  ha^ 
of  20  feet  from  the  under  side  of  the  footings,  and  finished  off  lerd  at  Ae 
top. 

The  eastern  abutment  has  a  concrete  foundation,  the  under  ade  of 
which  is  5  feet  6  inches  below  high-water  lerel,  with  a  fiaoe  wall  of  brick- 
work, 3  feet  thick  and  6  feet  6  inches  high,  brought  flush  with  the  iq)|Mr 
side  of  the  concrete,  and  returned  10  feet  6  inches  round  the  north  end, 
and  9  feet  6  inches  round  the  south  end ;  its  footings  are  similar  in  nmnbcr 
and  dimensions  to  those  of  the  other  abutment. 

The  eastern  abutment  measures  at  the  top  of  the  footings  16  feet 
6  inches  vnde  by  27  feet  long,  and  is  carried  up  solid,  built  intemaDr  of 
brick-work,  with  t\i'o  face  courses  resting  upon  the  footings.  The  pihster 
with  its  quoins,  the  frieze,  and  the  springing  course,  are  similar  to  those 
described  for  the  western  abutment. 

It  was  deemed  advisable  in  the  designing  of  this  bridge  to  extend  die 
span  of  its  arch  considerably  beyond  either  margin  of  the  cut,  so  as  to 
admit  of  any  future  increase  in  its  depth  without  injury  to  the  bridge,  and 
at  the  same  time  to  avoid  the  expense  of  coffer-dams. 

The  arch  measures  on  the  outer  rim  3  feet  9  inches  in  thickness,  tbe 
internal  thickness  being  4  feet  1^  inch.  The  curve  forms  the  segment 
of  a  circle,  of  which  the  internal  radius  is  67  feet :  it  is  built  of  good  stod^ 
bricks,  set  entirely  in  cement,  bonded  together  in  each  direction.  TTie 
darker  brick-work  of  the  arch,  with  its  cement  joints,  contrasted  with  that 
of  the  spandrils,  which  are  faced  with  Malm  pa\'iours  set  in  mortar,  well 
defines  its  outline,  and  has  a  somewhat  novel  effect ;  it  is  faced  on  either 
side  with  a  key-stone  4  feet  thick,  projecting  3  inches  below  the  soffit  of 
the  arcli,  with  a  moulding  on  the  face,  projecting  15  inches,  and  measuring 
2  feet  8  inches  wide  at  the  soffit. 

As  during  tlie  progress  of  the  work  the  arch  was  found  at  intervals  to 
open  in  a  slight  degree  on  its  extrados ;  after  the  arch  had  been  keyed  in, 
and  previous  to  striking  the  centres,  thin  iron  plates  were  driven  into  the 
openings,  riglit  across  the  arch,  as  far  through  as  possible  towards  the 
soffit,  and  the  spaces  were  also  well  run  in  with  liquid  cement. 

This  was  done  to  prevent  the  crushing  of  the  bricks  and  cement  at  the 
soffit,  which  it  was  feared  would  take  place  when  the  centres  were  struck, 
and  the  arch  brought  to  its  bearings. 

Tlie  concrete  backing  of  the  arch  is  set  to  a  good  current  for  the 
drainage,  its  centre  line  forming  a  tangent  to  the  curve  in  a  longitudinal 
direction,  and  descending  to  the  level  of  the  concrete  in  the  abutments; 
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its  transverse  section  is  represented  in  Plate  85 :  see  section  through 
centre  of  abutment  at  D  D. 

The  whole  surface  of  the  backing  is  coated  with  a  description  of  bitu- 
men of  English  manufacture^  which  is  also  used  generally  along  the  line, 
and  is  found  to  answer  the  purpose  remarkably  well,  as  it  most  effectually 
preserves  the  brick-work  from  the  wet. 

The  spandril  walls  are  2  feet  6  inches  in  thickness,  and  are  surmounted 
by  the  string  course,  which  is  18  inches  deep,  with  blocks  1  foot  wide  and 
1  foot  6  inches  apart  to  support  the  block  cornice  above  it.  This  latter  is 
18  inches  deep  and  4  feet  wide,  bevelled  off  at  the  top  to  the  depth  of 
3  inches,  and  slightly  hollowed  at  the  under  side  of  the  drip. 

The  substantial  iron  railing,  forming  the  parapet  of  the  bridge,  is  bedded 
into  the  cornice,  and  the  several  lengths  are  supported  by  means  of  strong 
ornamental  brackets.  In  addition  to  these,  in  order  to  stiffen  and  connect 
the  whole  together,  a  concealed  wrought  iron  bar  is  riveted  on  the  top  of 
the  railing  throughout  its  entire  length ;  these  rivets  pass  through  the  top 
of  the  cast  iron  moulded  coping  which  crowns  the  whole,  and  encloses 
the  longitudinal  bar  mentioned  above. 

The  small  lengths  of  parapet  at  the  ends  of  the  railing,  over  the  abut- 
ments, are  of  stone,  3^  feet  thick,  and  5  feet  high  in  the  middle. 

The  centering  consisted  of  five  ribs,  fixed  6  feet  6  inches  apart  from  centre 
to  centre,  and  bound  together  by  horizontal  and  diagonal  braces :  each  rib 
was  supported  upon  four  bearing  piles,  placed  23  feet  6  inches  apart,  with 
crown  ties,  trussed  and  strengthened  by  diagonal  braces,  secured  by  bolts 
and  strap  irons  to  the  filling  in  pieces.  This  centering  not  being  of  the 
expensive  description  usually  adopted  where  so  much  space  is  required  to 
be  kept  clear  for  the  navigation,  it  was  thought  necessary  to  load  it  in 
regular  courses  with  the  bricks  intended  for  the  construction  of  the  arch, 
so  as  to  test  its  efficacy,  and  to  bring  it  well  to  its  bearings  before  the  arch 
was  commenced.  The  centering  itself  stood  the  test  remarkably  well,  but 
a  portion  of  the  piling  gave  symptoms  of  sinking  below  the  rest:  this 
was  effectually  remedied,  however,  by  a  judicious  employment  of  timber, 
so  applied  as  to  brace  the  whole  firmly  together ;  and  any  settlement  which 
afterwards  took  place  was  so  perfectly  regular  that  no  injurious  effects 
resulted. 
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SUSPENSION  BRIDGE  UPON  MR.  DREDGE'S  PRINCIPLE,  AT  BALLOCB 

FERRY,  DUMBARTONSHIRE. 

Plate  87. 

(See  the  Specification,  vol.  i.  p.  xliii.) 


PERRONET'S  DESIGN  FOR  A  BRIDGE   AT   MELUN. 

Plate  88. 
(See  Hosking's  Preliminary  Elssay,  vol.  ii.  p.  37,  &c.) 


BRIGHTON  CHAIN  PIER. 
Plates  89,  90,  and  91. 

The  chain  pier  at  Brighton  was  projected  by  Captain  Brown,  RN., 
and  erected  by  him  in  the  years  1822-3,  at  a  cost  of  about  £SOflO0, 
The  pier  extends  into  the  sea  1134  feet,  and  the  suspension  chains  oo 
each  side  of  the  road-way  are  supported  on  four  pyramidal  iron  towers, 
the  distance  between  which  from  centre  to  centre  is  255  feet.  One  of 
the  figures  in  Plate  89  shows  a  plan  of  the  double  iron  tower  which  forms  . 
one  of  the  piers  of  suspension.  The  three  first  of  these  piers  are  cbA 
founded  upon  twenty  piles,  which  are  driven  several  feet  into  the  soBd 
chalk,  and  the  fourth  pier,  being  the  one  farthest  from  the  land,  is  founded 
upon  one  hundred  and  fifty  piles,  driven  in  the  form  of  a  T  on  the  plan, 
and  strongly  secured  by.  diagonal  braces  and  walings.  Extending  beyond 
the  towers  of  this  last  pier  is  a  platform  80  feet  in  length  by  40  feet 
in  breadth,  paved  with  Purbeck  stone,  and  beneath  are  galleries  and 
flights  of  steps  for  the  convenience  of  landing  and  embarkation.  Each 
of  the  towers  is  bedded  on  two  iron  sills  or  plates,  2  feet  wide  and  an  indi 
and  a  half  thick,  securely  bolted  to  the  pile  heads. 

Tlie  suspension  chains  on  the  land  side  are  carried  54  feet  into  the 
cliff,  and  secured  to  two  large  mooring  stones  and  to  a  massive  iron 
plate  more  than  a  ton  in  weight.  These  chains,  after  passing  over  each 
of  the  suspension  towers,  dip  towards  the  sea,  and  are  firmly  secured 
to  the  diagonal  piles  at  the  pier  head.  There  are  four  suspension  chains 
on  each  side  of  the  road-way,  and  each  consists  of  links  10  feet  lon!^ 
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and  6^  inches  in  circiimference,  the  weight  of  a  link  being  about  11 2  lbs. 
Each  link  has  a  round  eye  hole  at  the  end  of  2  inches  diameter^  and  the 
connexion  of  the  links  is  made  by  two  coupling  links^  pins,  and  keys,  as 
shown  in  Plate  89.  The  iron  of  the  coupling  links  is  1^  inch  deep  by 
1  inch  thick,  and  the  pins  are  2  inches  diameter. 

The  four  chains  on  each  side  of  the  road-way  are  suspended  in  pairs, 
the  upper  pair  hanging  about  2  feet  higher  than   the  lower.     At  each 
joint  of  the  links  forming  the  chains  is  a  saddle  to  receive  one  of  the 
suspending  rods.     The  sketches  in  Plate  89  explain   the   form   of  this 
saddle,  which  rests  upon  and  between  the  coupling  links   of  the   sus- 
pension chains.     The  lower  part  of  the  saddle  is  cast  with  a  hollow  of 
3  inches  in  length  by  1  inch  and  |.     This  hollow  receives  the  T  head 
of  the  suspending  rod,  which  is  then  turned  round  across  the  hollow 
so  as  to  rest  firmly  in  the  saddle,  without  danger  of  being  withdrawn. 
The  top  of  one  of  the  suspending  rods  is  shown  by  sketches  in  Plate  89 ; 
the  plan  of  the  saddle  shows  the  hollow  to  receive  the  head  of  the  rod, 
and  the  dotted  part  across  this  hollow  shows  the  position  of  tlie  head 
when  fixed.     The  lower  extremities  of  the  suspending   rods   are   made 
in  the  shape  of  a  fork  with   two   flat  prongs.     Through    these   prongs 
are  loop  holes  which  receive  an  iron  wedge  or  cross  piece,  and  this  latter 
supports  the  longitudinal  iron  bearing  beam  which  extends  on  each  side 
of  the  road-way  from  tower  to  tower.     The  form  and  dimensions  of  the 
suspending  rods  and  the  forked  part  of  the  same  are  clearly  shown  in 
the  Plate.     There  also  will  be  seen  the   details  of  the  cross  pieces  or 
wedges  and  of  the  bearing  beam,  which  it  appears  was  4  inches  in  depth 
by  1  inch  in  breadth.     On  this  bearing  beam  rest  the  girders  which  sup- 
port the  deck  planks  of  the  road-way.     These  girders  are  3^  inches  wide 
by  7i  inches  deep  at  the  ends,  and  10^   inches  in  the  middle.     They 
are  placed  5  feet  apart  and  are  covered  by  the  planking,  which  is  2 4 
inches   in    thickness.     The   ends   of  these   girders   support  a  gutter   or 
channel  to  carry  off  the  water  which   runs   off  the   road-way.     Details 
of  the  fascia  and  cornice,  and  of  the  iron  railing  which  surmounts  them, 
are  shown  in  Plate  89. 

The  other  two  Plates  (90  and  91)  referring  to  this  work  are  intended 
to  explain  the  nature  of  the  damage  occasioned  to  the  pier  by  a  violent 
storm  which  occurred  on  the  15th  October,  1833.  Plate  90  shows  the 
two  platforms  or  divisions  of  the  pier  which  were  injured.  The  one 
on  the  right-hand  side,  which  is  the  second  division  from  the  land, 
had  twentv  of  its  suspending  rods  carried  away,  and  some  others  bent. 
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TSm;  em»M^jQexMx;  v»  tidA  tzjt  6tA  xd  Vbt  jiir  HBok  ueiaii  €  ioei  ot 
</?j#;  v'i^f  yr^s^fsLXinz  «2i  iiid''^  pLLiie  tnLLLsrenehr.  liie  appeamiee  of 
ir}j>;h  i%  {sit/.'fuiJr  repreMri^ted  is  tzst  tsxpxrxnz^  T\ie  CBBt  inm  toven 
^A'yrMiu'/  ti*A  iirWjfm  of  tLe  pier  we  aisD  comoderaUj  dmBccd,  ike 
%;JJ%  on  whlc^j  thfrr  r«%t  iKinz  spto  bo  u  to  csqk  tiie  iion  £mmDe  of 
th^  t//ir«mi  t/i  Ifdifj  orer  ori  orie  side.  Tbe  tLird  ifiriaoo  frooi  tlie  fand, 
)»//w«rvtfrr9  (y^ifj/  tliat  on  tlie  left'-haxid  side  of  Flite  90L  pvcaented  the 
rn'/fet  i'jftu\A^^.  ruin.  No  less  tbaxi  fortr  of  the  wispmdTng  rods  voe 
)j^r«;  dtviroyt-A  on  the  esust  side,  and  about  half  that  number  on  Ae 
f/tlier  wide.  The  chains  in  this  part  of  the  pier  vere  greatly  deruttcd, 
ad  a|i|>ear«  from  the  tn^mvinzy  and  fullv  three-fomtfas  of  the  phtfom 
and  hiravy  iron  railing  were  completelr  destroyed.  Plate  91  presents 
anoth'rr  view  of  thi«  division  of  the  pier^  taken  from  a  more  obBqw 
[M/fiition. 

It  iH  remarkable  that,  notwithstanding  the  Tiolent   injnrr  whidi  dm 
sUirrn  prrKluced,  Uie  light  iron  bearing  bar,  with  a  sectional  area  of  onlr 
4  square  inches,  was  not  broken,  but  held  together  with  a  tenacitT  whidi 
fiffrirded  strong  prrxif  of  its  excellent  quality.    The  curred  form  assumed 
by  thes4!  bearing  bars,  which,  it  will  be  remembered,  sapported  the  road- 
way beams  on  each  side  of  the  pier,  will  be  best  seen  from  Plate  90^ 
whi(!h    shoM's    nearly  a  front  view   of  the   pier.    The    dip    of  the  lowff 
one*,  must  have  Ixrcn  about  14  feet,  as  it  touched  the  surfiEu^e  of  the  set 
at  high  waU»r.     It  ajjpcars  from  a  remark  by  Mr.  Noble,  in  Plate  89, 
that,  the  wrought  iron-work  inside  the  forks  of  the  suspending  rods  had 
(MHiNi(l('ra])ly  exfoliated ;  and  in  a  letter  written  by  the  same  architect 
irnrnodiatc.ly  after  the  accident,  he  states   that  a  prodigious    exfoliation 
of  i\w.  wrought  iron-work  had  taken  place,  and  alludes  with  apprehension 
to  the  Nuuill  dimensions  of  the  longitudinal  bearing  beam  already  men- 
tioned. 

\V(^  ol)servc  tlmt  tlie  same  system  of  supporting  the  road-way  on  a 
huigitudiuiil  iron  bearing  bar,  suspended  in  the  fork  or  stirrup  of  the 
vertical  rods,  a[)pears  to  have  lieen  adopted  in  the  Union  Chain  Bridge  over 
the  Tweed,  in  tlie  Trinity  (-hain  Pier  at  Newhaven,  and  indeed  in  most  of 

w 

('a|)tain  Hrt)\vn\s  works.  At  the  same  time  we  feel  bound  to  concur  with  Mr. 
Nolde  in  a|)|)rel»ending  danger  from  the  exfoliation  which  invariably  takes 
plaee  in  wrought  irt)n,  and  whieli  of  course  becomes  far  more  serious  in  its 
eonsequiMiees  when  it  liappens  to  a  bar  of  such  small  dimensions  as  the 
erne  hen*  referred  to. 

Many  eontlieting  opinions  have  been  entertained  as  to  the  cause  of  the 
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destruction  which  forms  the  subject  of  these  Plates.  Some,  and  these 
principally  appearing  to  be  the  firiends  and  supporters  of  Captain  Brown, 
have  ascribed  the  accident  to  lightning,  thereby  intending  to  show  that, 
however  perfect  the  construction  might  have  been,  it  was  beyond  the 
power  of  human  sagacity  to  protect  it  from  the  calamity  by  which  it  was 
visited.  Others  have  contended  that  the  whole  of  the  mischief  done  by  the 
storm  may  be  readily  traced  to  the  action  of  the  wind  upon  the  platform 
of  the  pier.  Mr.  Noble  observes  that  the  damage  was  sustained  at  the 
time  of  low  water,  when  there  was  a  height  of  about  50  feet  to  be  acted  upon 
by  an  extraordinary  and  violent  westerly  wind.  He  supposes  that  the  wind 
acted  vertically  upwards,  as  well  as  laterally,  and  that  the  deep  fascia  and 
projecting  cornice  opposed  a  resistance  which  added  to  the  injurious  force 
of  the  wind.  He  observes  that  a  rapid  undulation  was  produced  in  the 
platform,  and  that  parts  of  it  were  at  length  forced  upwards,  the  suspending 
rods  at  the  same  time  rising,  displacing  the  heavy  saddles,  and  deranging 
the  whole  of  the  chains.  For  our  own  part,  we  have  no  intention  of 
pronouncing  any  opinion  as  to  the  true  c&use  of  the  accident,  and  shall 
therefore  merely  observe,  that  the  principal  objection  to  Mr.  Noble's  view 
of  the  case  is  this,  that  a  force  suflSciently  violent  to  have  forced  up  e7i 
masse  the  platform  of  the  pier  would  probably,  in  the  first  instance,  have 
torn  up  the  planking  of  the  deck,  and  have  left  a  free  passage  for  the  wind 
upwards.  These  planks,  it  is  said,  were  only  secured  by  four  or  five  nails 
in  each;  and  it  is  remarkable  that,  in  the  hurricane  of  1824,  shortly 
after  the  erection  of  the  pier,  this  effect  actually  happened,  a  great  number 
of  the  deck  planks  having  been  torn  up,  while  the  pier  remained  com- 
paratively uninjured. 

When  the  damaged  part  of  the  pier  was  restored  it  was  found  advisable 
to  make  the  entablature  lighter,  and  to  confine  its  depth  to  the  under  side 
of  the  road-way  beams.  It  is  said  that  this  alteration  has  added  to  tlie 
lightness  and  beauty  of  the  structure. 


CAST   IRON  SWING  BRIDGE,   PLYMOUTH. 
Plates  92,  93,  and  94. 

The  bridge  is  91  feet  in  length  from  end  to  end  of  the  parapet  railing; 
its  span  is  47  feet,  and  the  clear  width  of  road-way  between  the  guide 
plates  is  8  feet  6  inches. 

A  section  of  the  raised  approaches  is  shown  in  Plate  92,  and  between 
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the  ends  of  these  approaches  and  the  point  from  which  the  arch  takes  iti 
spring,  the  stones  are  bedded  and  fitted  to  each  other  with  great  nieetj, 
being  connected  with  dowels^  and  otherwise  prepared  to  reoeiTe  the  iron- 
work of  the  bridge. 

Upon  the  foundations  thus  prepared^  the  bed  plates  are  placed,  the 
centre  of  each  being  in  the  centre  line,  or  axis  of  the  bridge,  and  8  feet 
from  the  springing  hne. 

An  enlarged  view  of  the  bed  plate  is  given  in  Plate  93  ;  it  is  cast  in  one 
piece,  true  and  even  on  the  sides  and  edges,  with  eight  flanges  by  wludi 
the  plate  is  screwed  down  to  the  masonry,  four  being  cast  on  the  inside  of 
the  outer  ring,  and  four  at  the  centre  of  the  plate,  presenting  the  fbnn  of  a 
cross.  The  upper  surface  of  the  ring  is  bevelled  and  tamed  true  to  fit  die 
conical  rollers  liereafter  described.  The  plate  is  let  into  the  masoniyto 
the  depth  of  3  inches,  is  laid  perfectly  horizontal,  and  screwed  down  widt 
hold-down  bolts  and  nuts,  made  of  wrought  iron  in  the  Lewis  form,  witk 
wedges. 

The  roller  frame,  as  well  as  the  other  castings  used  in  this  bridge,  is 
made  of  the  best  No.  2  pig  iron,  cast  from  the  cupola,  and  of  the  tougheit 
gray  iron,  free  from  air  bubbles,  or  pin  holes,  and  other  defects.  The  eje 
of  the  roller  frame  is  6  inches  in  diameter,  and  truly  bored  to  receive  the 
pivot. 

Tlie  holes  in  the  rim  are  bored  out  to  receive  the  roller  axles  or 
spindles;  these  holes  are  of  an  oval  form,  being  1^  inch  in  diameter  in  a 
horizontal  or  lateral  direction,  and  2  inches  in  diameter  in  a  vertiol 
direction.  The  outer  rim  is  in  twenty  pieces,  each  of  which  is  screwed  to 
the  arm  flanges,  \^'ith  four  screw  pins  of  J  inch  diameter,  so  as  to  fix  aad 
keep  the  rollers  in  their  places.     See  enlarged  plan,  Plate  93. 

Tlie  rollers  are  in  the  form  of  the  frustrum  of  a  cone  of  which  the  base 
is  9  inches  in  diameter,  and  the  altitude  4  feet  3  inches,  the  apex  bein?  in 
the  axis  of  the  pivot  or  centre  of  motion  of  the  bridge.  The  altitude 
of  the  frustrum  is  8  inches:  the  axles  are  of  wrought  iron;  thev  arc 
turned  true,  and  fixed  true  in  the  rollers ;  that  is,  in  each  roller  the  ailc 
is  so  fixed  that  their  axes  are  coincident  and  their  circmnferences  con- 
centric. 

The  top  frame,  or  upper  traverse  plate,  is  cast  in  two  pieces,  t.  e.  the 
arms  and  eye  in  one  piece,  and  the  ring  and  outer  firame  in  another  piece. 
The  eye  is  5  J  inches  in  diameter,  being  truly  bored  out  to  receive  the 
pivot,  and  the  arms  are  neatly  fitted  and  bolted  to  the  ring  and  firame. 
The  face  of  the  upper  traverse  plate  is  also  turned  true  in  a  similar  manner 
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to  that  described  for  the  bed  plate^  so  that  the  bevelled  surfaces  of  the  ring 
and  traverse  plates  may  coincide^  and  lie  fair  with  the  bearing  surfaces  of 
the  rollers^  when  all  are  placed  in  their  respective  positions. 

There  are  holes  in  the  frame^  made  in  casting  it,  for  the  purpose  of 
securing  it  and  connecting  it  to  the  main  ribs  by  screw  bolts  1^  inch  in 
diameter,  which  are  passed  through  the  frame  and  through  the  ribs,  and 
screwed  up  firmly  by  nuts. 

The  ribs  forming  the  arched  part  of  the  bridge  are  four  in  number  for 
each  leaf  of  the  bridge.  They  are  placed  about  2  feet  9  inches  apart  from 
centre  to  centre,  and  are  each  cast  in  one  piece.  A  continuation  of  the 
ribs  is  carried  across  the  upper  frame  to  the  circular  tie-plate  at  the  end, 
and  bolted  with  nuts  and  screws  to  the  flanges  of  the  upper  traverse  plate, 
as  shown  in  the  transverse  section,  Plate  93. 

In  each  leaf  of  the  bridge  are  four  cast  iron  tubes,  placed  transversely 
across  the  bridge,  with  collars  abutting  against  the  ribs ;  and  through  each 
line  of  the  tubes  passes  a  wrought  iron  tie,  with  a  screw  and  nut  at  each 
end.  These  tubes  and  ties  are  shown  on  the  plan,  in  Plate  94,  and  one  of 
them  is  shown  on  an  enlarged  scale  in  the  transverse  section,  Plate  93. 
A  series  of  slight  diagonal  braces  is  also  bolted  by  flanges  from  comer  to 
corner  of  the  compartments  formed  by  these  through  ties  passing  across 
the  bridge,  as  shown  in  the  plan,  Plate  94. 

The  flanges  along  the  upper  edge  of  the  ribs  are  cast  with  holes 
to  receive  screw  bolts  ^  inch  in  diameter,  for  fixing  the  road-way 
beams.  The  outside  ribs  have  small  rounded  mouldings  along  the  lower 
edge,  and  round  the  openings  cast  in  it,  as  shown  in  the  transverse 
section  and  in  the  elevation.  Plates  93  and  94. 

Between  each  pair  of  ribs,  and  at  the  end  of  each  leaf  of  the  bridge, 
next  or  over  the  abutments,  for  the  purpose  of  connecting  them  together, 
there  is  a  tie-plate,  which  is  secured  to  each  rib  with  flanges,  bolts,  and 
nuts ;  and  at  the  junction,  or  meeting  of  the  leaves,  there  is  also  a  plate 
which  is  cast  with  flanges,  by  which  it  is  secured  to  the  ribs  with  nuts  and 
screw  bolts  l\  inch  in  diameter. 

The  meeting  or  junction  plate  is  cast  in  one  piece,  one-half  straight  and 
the  other  half  curved,  the  straight  half  being  a  tangent  to  the  curve,  which 
is  an  arc  of  a  circle  whose  radius  is  half  the  distance  between  the 
centres  of  motion,  the  right  sine  of  the  arc  being  half  the  breadth  of  the 
bridge.  The  curved  end  of  one  leaf  is  concave,  and  that  of  the  other 
convex ;  the  plates  being  cast  with  projecting  wedge  pieces  and  grooves, 
the  wedge  and  groove  on  one  being  fitted  and  adjusted  to  the  wedge 
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mnd  grcK^re  on  the  other^  so  as  to  aUow  llie  two  lonres  to  dose  evcnif  ad 
firmly  together. 

The  <'ircular  tie-plate  for  each  leaf  is  cast  in  one  picoe ;  its  farm  is  the 
arc  of  a  circle^  the  centre  of  which  is  in  the  centre  of  moCkm  cf  the 

iMlf. 

An  enlarged  view  of  the  skew  back  or  abotment  fribte  is  given  m 
VUtc  IM ;  it  is  cast  in  one  piece^  and  is  connected  to  the  lower  tncfoie 
pUte  hj  the  radiating  ties  which  are  fitted  into  doTetail  sockets  in  die 
fTarerse  plate  and  let  flush  into  the  masonry,  and  the  whole  run  solid  wiik 
k«d«  A  corresponding  abutment  plate,  cast  in  one  piece,  is  also  fixed  to 
the  ril>s,  so  that  when  the  bridge  is  shut  both  plates  fit  firmly  and  dori? 
fioj^ethen 

A  circular  road-way  plate  is  let  flush  into  the  masonry  at  each  end  itf  the 
t>ri(lge,  and  secured  by  eight  Lewis  bolts  and  nuts  to  each  plate,  and  ran 
in  with  lead,  the  nuts  and  ends  of  the  bolts  being  flush  ^th  the  top  of  the 
plnte. 

On  each  side  of  the  bridge  is  a  railing,  3  feet  3  inches  in  height  {pom 
the  surface  of  the  road- way. 

The  balusters  are  l^  inch  square  at  bottom,  diminishing  to  i  inch 
(tquare  at  top ;  the  top  rail  is  of  half-round  or  coach-tire  iron,  2}  inchei 
liroad  by  1  inch  thick. 

The  balusters  are  firmly  riveted  at  top  into  the  rail^  and  secured  at 
bottom  in  their  sockets  by  wedges  and  iron  cement. 

The  road-way  of  the  bridge,  for  its  entire  length  and  breadth,  is  coTcred 
with  a  planking  of  the  best  English  oak,  laid  transversely,  or  at  right 
angles  to  the  line  of  the  bridge,  2^  inches  thick,  in  one  length,  free  from 
sap,  wane,  or  other  defects,  well  jointed,  and  screwed  down  to  the  flanges 
w^ith  twelve  screw  bolts,  5  inches  long,  with  nuts  under  the  flanges,  two 
bolts  through  the  plank  at  each  flange.  The  bolts  have  coantersank 
heads,  flush  with  the  surface. 

A  sheet  of  patent  hair  felt,  with  a  good  coat  of  Archangel  tar,  is  laid 
between  the  flange  and  the  plank,  and  the  whole  screwed  down  firmly. 
Between  the  guide  plates,  a  planking  of  sound  elm,  2  inches  in  thickness, 
is  laid  over  the  oak  planking. 

Between  the  oak  and  elm  planking  also  is  laid  a  sheeting  of  patent  hair 
felt,  coated  with  Archangel  tar,  and  the  elm  planks  are  well  jointed  and 
fastened  down  to  the  oak  planking  with  5-inch  rose-headed  spikes. 

The  guide  plates  are  of  cast  iron,  and  extend  along  each  side  of  the 
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Over  the  oak  planks,  and  under  the  guide  plates,  is  another  sheeting  of 
felt,  coated  with  Archangel  tar,  and  the  plates  are  fastened  down  with 
screw  bolts,  ^  inch  in  diameter,  through  the  plank  and  flanges  of  the  ribs, 
and  the  bolts  screwed  tight  by  nuts. 

All  the  planking,  previous  to  being  used,  was  Kyanized,  and  after  being 
fixed  was  payed  over  with  two  coats  of  Archangel  tar  and  Spanish  brown, 
well  boiled  together,  and  laid  on  hot. 

The  ballast,  amounting  to  about  15  tons,  is  of  cast  iron,  and  intended 
to  balance  the  bridge  so  that  each  leaf  shall  rest  firmly  on  the  rollers. 

All  the  joints  or  openings  in  the  castings  were  made  up  with  iron 
cement,  well  caulked,  and  made  solid  throughout ;  the  bridge  being  painted 
with  three  coats  of  lead-coloured  paint  and  linseed  oil. 


GERRARD'S  HOSTEL  BRIDGE,  CAMBRIDGE. 
Plates  95,  96,  and  97. 

These  Plates  exhibit  an  elevation,  plan,  and  details  of  this  beautiful 
structure,  which  is  probably  one  of  the  finest  specimens  of  cast  iron  work, 
as  applied  to  bridge  building,  which  has  yet  been  executed. 

It  was  erected  by  the  Butterley  Iron  Company,  from  the  drawings  of 
William  Chadwell  Mylne,  Esq.,  F.R.S.,  son  of  the  architect  of  Blackfriars' 
Bridge. 

It  crosses  the  River  Cam,  near  King's  College,  in  the  town  of  Cam- 
bridge, and  its  appearance  is  in  perfect  keeping  with  the  surrounding 
buildings. 

In  designing  this  bridge,  the  engineer  seems  to  have  taken  the  form 
of  his  arch  from  that  of  the  celebrated  marble  bridge  of  the  Santissima 
Trinita  at  Florence,  but  the  style  of  the  structure  is  so  admirably  adapted 
to  the  situation  that  the  design  may  be  considered  original. 

The  arch  has  a  span  of  60  feet,  and  is  slightly  pointed,  if  we  may 
use  the  expression,  since  this  is  softened  by  the  antique  mask  of  a  river 
god  which  ornaments  its  apex.  It  is  formed  by  an  ellipse  from  which 
a  short  segment  is  cut  out  at  the  flattest  part  of  the  curve,  and  the 
remaining  portions  are  brought  together  by  straight  lines. 

The  water  level  coincides  with  the  longest  or  conjugate  diameter  of  the 
ellipse,  from  which  level  the  arch  springs. 

The  approach  lies  through  an  avenue  of  lofty  trees,  whose  rich  foliage, 
with  the  venerable  buildinsrs  adjacent,  and  the  quiet  water  of  the  Cam, 


dviii  DESCRIPTION  OF  THE  PLATES. 

on  which  the  bridge  seems  almost  to  repose, form  altogetiier  m pictmeof 
much  beauty  and  interest. 

We  have  abeady  said  that  the  span  of  the  arch  is  €0  feet;  its  rise  s  9 
feet  6  inches;  the  length  of  parapet  from  end  to  end  is  7^  f<Bet  3  indici, 
and  the  width  of  road-way  between  the  parapets  8  feet  3  inches. 

The  construction  of  the  bridge  is  as  follows : 

The  foundations  are  laid  upon  piles  18  feet  long  by  9  inches  sqoR} 
shod  with  wrought  iron  shoes  and  straps. 

Resting  upon  these  piles  are  sleepers,  which  are  placed  at  right  angla 
to  the  line  of  the  bridge,  and  fastened  to  the  piles  by  ^-inch  nig  bolts. 

Upon  the  top  of  these  again  are  cross  sleepers,  placed  in  an  oppostecr 
longitudinal  direction,  and  ranging  in  the  same  vertical  planes  ss  the  lOii 
of  piles. 

The  planking  rests  upon  these  cross  sleepers,  and  the  foundations  of  die 
abutments  upon  the  planking. 

The  earth  was  excavated  from  the  under  side  of  the  cross  sleepers  tot 
depth  of  2  feet  for  one  abutment,  and  5  feet  for  the  other^  and  the  spMe 
filled  in  with  concrete,  which  extends  I  foot  6  inches  beyond  the  line  of 
masonry. 

The  abutments,  which  are  built  of  stone,  in  the  form  of  a  horse-shoe^ 
measure  10  feet  6  inches  in  length  at  the  foundations. 

The  masonry  at  the  end  of  the  abutments,  occupying  the  place  of  short 
wing  walls,  extends  10  feet  from  the  face  of  the  abutment.  The  abut- 
ments are  carried  up  to  the  level  of  the  springing  with  a  vertical  bee  on 
the  inside,  and  a  slight  batter  on  the  outside. 

The  springing  line  is  3  feet  6  inches  above  the  top  of  the  cross  sleepers, 
and  here  the  iron-work  commences. 

The  abutment  plates  upon  which  the  ribs  rest  are  lO  feet  8  inches  in 
length  by  1  foot  9  inches  wide,  and  2  inches  thick ;  a  plan  and  section  of 
the  abutment  plate  are  shown  in  Plate  96. 

The  road-way  is  supported  upon  three  cast  iron  ribs,  placed  4  feet 
6  inches  apart  from  centre  to  centre;  each  rib  is  cast  in  three  pieces, 
which  are  connected  by  lapped  joints,  with  eight  screw  bolts  to  each 
joint :  these  joints  are  shown  in  the  elevations  of  the  internal  and  external 
ribs  in  Plate  96,  and  a  small  figure  drawn  to  a  larger  scale  in  the  suae 
Plate  shows  a  plan  of  the  over-lapping  joint. 

Plate  97  shows  the  flanges,  bolts,  and  nuts  by  which  the  external  ribs 
are  secured  to  the  abutment  plates. 

That  part  of  each  rib  which  rests  upon  the  abutment  is  cast  with  a 
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triangular  hollow;  the  dimensions  of  this  hollow  for  the  external  and 
internal  ribs  respectively  are  shown  in  the  elevations,  Plate  96. 

The  centre  piece  of  each  rib  is  2  feet  3  inches  deep  at  its  extremities, 
and  1  foot  6  inches  at  the  centre;  its  section  presents  the  form  of  a 
cross,  the  projecting  pieces  on  each  side  serving  to  support  the  road- 
way plates :  the  external  rib  has  only  a  projection  on  the  inside,  as  shown 
by  the  small  section  in  Plate  96,  and  by  the  enlarged  transverse  section  in 
the  same  Plate. 

Each  external  rib  has  eleven  rectangular  projections  cast  upon  it,  with 
four  holes  in  each  to  receive  the  screws  for  securing  the  string  course 
to  the  ribs :  these  projections  are  seen  in  the  elevation  of  rib  in  Plate  96, 
and  the  mode  by  which  the  string  course  is  attached  is  further  seen  by  the 
enlarged  transverse  section. 

Extending  along  the  curved  face  of  each  external  rib  is  a  cast  iron 
cornice  1  foot  2  inches  deep,  projecting  8  inches  beyond  the  face  of 
the  rib,  and  bolted  to  it  at  top  and  bottom,  as  shown  by  the  transverse 
section,  Plate  96. 

The  internal  rib,  as  seen  by  Plate  97,  is  provided  with  a  small  flange 
where  it  rests  on  the  abutment  plate;  this  rib  is  further  secured  and 
strengthened  by  two  diagonal  braces,  one  on  each  side ;  these  braces  are 
secured  to  the  rib  at  top,  and  to  the  abutment  plate  at  bottom,  as  seen  in 
Plate  97. 

The  string  course,  which  may  also  be  termed  the  plinth  of  the  parapet 
railing,  is  79  feet  3  inches  long  by  10  inches  deep,  and  projects  2J  inches 
beyond  the  face  of  the  rib;  this  plinth  is  secured  to  the  external  ribs 
by  bolts  with  countersunk  heads,  in  the  manner  before  described. 

The  road-way  plates,  resting  upon  the  projections  of  the  ribs,  as  before 
described,  have  an  area  of  4  feet  4  inches  by  4  feet  6  inches,  and  are  j  inch 
in  thickness;  each  plate  is  cast  with  three  curved  projections  on  its  upper 
side;  these  projections  extend  in  a  longitudinal  direction,  and  are  1  foot 
6  inches  apart  from  centre  to  centre ;  they  are  |  inch  thick  and  4  inches 
above  the  surface  of  the  plate  in  the  deepest  part. 

On  two  sides  of  each  plate  is  a  raised  flange  2}  inches  deep,  by  means  of 
which  the  plates  are  bolted  to  the  ribs,  as  shown  in  the  transverse  section. 
Plates  96  and  97. 

At  the  junction  of  the  plates  with  each  other  a  small  under-lip  projects, 
to  form  a  bearing  for  the  adjoining  plate  to  rest  upon. 

The  raised  projections  on  the  road-way  plates  divide  the  surface  of  each 
plate  into  four  partitions ;  an  elevation  of  one  of  the  projections  is  sliovvn 
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ir  vttr  iMMivinw  «ecCion^  Plate  96,  and  die  mall  figme  i»ninr<lialdi  above 
rh^  rT«vi«i^«n^  ;Kvtion  is  the  section  of  a  |date  taken  in  m  diiectiuu  oh 
iTW^rtm;;  ^fi^  ^  length  of  the  bridge. 

*|V  «««a^-ttclalling  rests  immediatelj  on  die  platea.,  as  shovn  in  tbe 
.,»^  ^N^hAfb.  Hate  97. 

Pk;  miUi^  of  the  bridge  is  cast  of  a  rich  loienge-mliaped  pattem,  wA 
r^4,f^Hiiu'^4JMi)ed  openings,  and  is  ornamented  by  a  tablet  in  the  centic, 
..^  >«><K^>ndiiig  pilasters  at  each  end  over  the  abutments* 

VV%i  uMi^tli  of  tlie  railing  is  composed  of  foor  pieces;    nsmdj,  die 

Wa«%i)»  ijxid  centre  piece,  tlie  upper  piece,  and  the  coping.     The  jdiatii, 

stitx   tj>«  mode  in  which  it  is  fastened  to  the  ribs,   has   been   almdT 

A'*t  iibcii ;  the  ceiitre  piece  fits  in  between  the  open  aides  of  the  jdiatii, 

«..u  i<i  ^*curcd  by  the  upper  pair  of  screws  already  mentioned  for  oon- 

tvcuii^  the  plinth  with  the  ribs ;  the  upper  side  of  the  centre  piece  fits  in 

iio  .^ttuko  way,  between  the  open  cheeks  of  the  upper  part  of  the  railing, 

laJ  iM  Necurcd  by  bolts  with  countersunk  heads:  lastly,  the  coping  CMf 

lU  i>ver  the  upper  part  of  the  railing,  being  fastened  with  coontersonk 

^hjlXa  H  inches  iu  length.     These  particulars,  with  respect  to  the  mode  of 

[>uttiiig  the  railing  together,  will  be  fully  understood  on  reference  to  the 

enlarged  section  in  Plate  96. 


FRIBOURG   SUSPENSION   BRIDGE. 
Plates  98,  99,  100,  and  100". 

This  hrid^c  is  erected  over  the  valley  of  the  Sarine  to  connect  the  hill 
on  \vlii(  li  stands  tlie  city  of  Fribourg  with  the  opposite  mountain.  Before 
llu^  construction  of  this  bridge,  tlie  road  leading  through  Fribourg  to  Berne 
and  the  Gcrnian  frontier  of  Switzerland  descended  into  this  valley,  and 
j^aincd  the  summit  of  the  mountain  opposite  by  an  extremely  crooked  and 
|)rc(;ij)itous  route,  on  which  were  many  inclinations  exceeding  1  foot  in  7« 
It  will  not  appear  strange  that  this  road,  at  all  times  dangerous,  was 
i'oininoidy  quite  impassable  in  winter.  This  state  of  things  continued  till 
IH.U),  when  M.  Chaley,  a  French  engineer,  undertook  to  erect  a  bridge 
across  the  valley  for  the  sum  of  300,000  francs,  in  addition  to  the  profit  of 
the  tolls,  which  were  conceded  to  him  for  the  term  of  forty  years. 

It  is  remarktible  that  this  bridge,  exceeding  in  its  length  between  the 
points  of  suspension  that  of  any  single-span  bridge  in  the  world,  should  be 
iMitirely  constructed   of  fine   wires,  little  more  than  -nr  of   an  inch  in 
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diameter.  By  the  combination  of  a  material  so  delicate  as  this,  it  has 
been  reserved  for  modem  science  to  erect  a  bridge  of  the  vast  span  of  870 
feet  between  the  suspension  towers,  which  exceeds  by  more  than  300  feet 
the  opening  of  the  famous  Menai  Bridge. 

Fig.  1,  Plate  98,  is  a  general  elevation  of  the  bridge,  showing  that  the 
chord  of  the  curve  assumed  by  the  chain  is  870  feet,  and  that  the  depth  of 
the  middle  of  the  curve  is  63  feet  below  the  points  of  suspension. 

MAIN    SUSPENSION    CABLES. 

The  wire  employed  for  these  is  of  the  size  called  No.  18.  The  diameter 
of  the  wire  is  -y^V  of  ^^  inch,  and  a  lineal  yard  weighs  1*86  ounces  avoir- 
dupois. The  platform  of  the  bridge  is  suspended  from  four  cables,  namely, 
two  on  each  side.  Each  of  these  cables  is  composed  of  1056  threads 
of  wire,  and  has  a  cylindrical  section  of  5^  inches  in  diameter.  The  two 
cables  on  the  same  side  of  the  bridge  are  only  separated  by  an  interval  of 
1^  inch,  which  is  tlie  space  occupied  by  the  heads  of  the  suspension 
cords.  The  length  of  each  suspension  cable  is  1228  feet,  and  at  every  two 
feet  of  its  length  it  is  firmly  bound  by  a  ligature  of  wire,  which  preserves 
the  cable  in  a  cylindrical  form.  These  ligatures  of  wire  are  continued 
for  those  parts  of  the  cable  which  are  behind  the  piers  of  suspension,  as 
well  as  for  those  between  the  piers.  In  approaching  these  piers,  the  two 
cables  on  each  side  of  the  bridge  gradually  spread  out  and  unite  into  one 
flat  band  of  parallel  wires,  which  in  this  form  passes  over  the  three  friction 
rollers  on  the  top  of  the  pier.  These  rollers,  and  their  position  on  the 
pier,  are  seen  in  plan  and  elevation  in  figs.  2,  3,  and  6,  Plate  99 ;  and  figs. 
1  and  2,  in  Plate  100,  are  elevations  of  the  rollers  on  a  larger  scale. 
After  passing  over  the  three  rollers  in  the  form  of  a  flat  band  entirely 
covering  the  breadth  of  the  rollers,  each  main  cable  again  separates  into 
four  smaller  cables,  which  are  each  composed  of  ten  bundles  or  strands  of 
wire,  and  near  the  surface  of  the  ground  these  are  attached  to  the  mooring 
cables.  These  mooring  cables  are  sixteen  in  number,  that  is,  eight  for 
each  end  of  the  bridge. 

Fig.  4,  in  Plate  100,  shows  the  two  mooring  shafts  at  each  end  of 
the  bridge.  In  each  of  these  mooring  shafts  are  four  cables,  which  pass 
through  a  strong  anchor  of  masonry,  which  will  presently  be  described. 
Each  mooring  cable  is  4  inches  in  diameter,  and  is  composed  of  528  wires, 
so  that  the  whole  mass  of  wire  in  the  four  cables  on  each  side  of  the 
bridge  is  the  same  as  in  the  two  suspending  cables  with  which  they  are 
united.  The  whole  of  that  part  of  the  cables  which  passes  through  the 
stone-work  of  the  shafts  is  enclosed  by  a  coil  of  single  wire,  wound  closely 
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round  it  in  a  spiral  form.    The  main  cables,  after  having  passed  am 
the  heads  of  the  piers^  are  called  retaining  cables.    These  retaining  cdda 
are  four  in  number  on  each  side  of  the  pier,  and  each  cxf  theae,  as  beioie 
described^  consists  of  ten  separate  bundles.    Figures  lO  and  11,  in  Fbte 
100,  show  the  method  by  which  ten  of  these  bundles  are  attached  to 
one  of  the  mooring  cables.     Elach  of  these  ten  bundles  passes  ofcr  t 
stirrup  iron  or  crupper  of  a  semi-cylindrical  form,  and  is  bent  back  is 
the  form  of  a  loop,  and  firmly  bound  by  a  larger   size   of  wire.   Tbe 
mooring  cable  is  bent  round  a  similar  crupper  of  laiger  Hit¥iA>n«nn^  aj 
then,  the  whole  of  the  eleven  cruppers  at  each  junction  being  adjoilcd 
so  that  the  opening  through  them  is  quite  dear  and  nnintermpted,  da 
opening  is  occupied  by  three  wrought  iron  keys,  two  of  which  have  hodi 
and  the  middle  one  is  plain,  being  driven  in  as  a  wedge  to  fix  and  ti^ita 
the  other  two.     Figs.  12  and  13  show  the  form  and  dimensions  of  tk 
crupper  for  the  mooring  cables,  and  fig.  11  shows  the  position  of  tk 
several  cruppers  and  of  the  keys  which  secure  them  to  each  other.    Aftff 
being  united  to  the  retaining  cables,  the  mooring  cables  descend  withiAt 
changing  their  direction  into  the  interior  of  the  sloping  galleries,  and  wka 
arrived  at  the  entrance  of  the  vertical  shafts,  each  of  them  spreads  cot  iato 
a  flattened  form,  and  passes  over  a  firiction  roller,  so  as  to  drop  veiticsllj 
into  the  orifices  in  the  mooring  shafts.     Figs.  5  and  6^  Plate  100,  sbor 
the  form   and  position   of  one  of  these  rollers  at  the  entrance  of  tiie 
mooring  shaft.     For  the  support  of  these  rollers,  two  blocks  of  granitey 
7  feet  8  inches  in  length  by  3  feet  3  inches  in  breadth,  are  bedded  in  i 
sloping  position  on  the  natural  rock.     Each  of  these  blocks  carries  four 
cast  iron  plates,  upon  which  are  fixed  the  four  friction  rollers  for  each 
side  of  the  bridge.     These  rollers  are  16  inches  in  diameter  and  the  same 
in  length. 

SLOPING    GALLERIES. 

On  the  side  of  the  town^  considerable  difficulty  was  experienced  in 
driving  these  galleries,  as  they  had  to  pass  through  a  mass  of  loose  and 
crumbling  rock,  on  which  stood  many  old  and  dilapidated  houses.  Tie 
excavation  of  these  galleries,  however,  was  successfidly  performed,  and 
at  both  ends  of  the  bridge  they  were  roofed  with  arches  of  limestone. 
Each  of  the  four  galleries  is  6  feet  6  inches  in  width  and  the  same  in 
height.  The  space  between  the  entrance  to  these  galleries  and  the  main 
piers  of  suspension  is  levelled  off  to  a  flat  surface,  and  forms  a  temce, 
which  extends  about  7  feet  in  front  of  the  main  piers,  and  is  supported 
by  retaining  walls  of  limestone  about  1 7  feet  in  height.     The  firont  of 
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this  terrace,  overlooking  the  valley,  is  in  the  form  of  a  demi-lunette, 
as  seen  in  the  general  plan,  Plate  98.  The  surface  of  the  terrace  is  on 
a  level  with  the  platform  of  the  bridge;  and  on  approaching  the  small 
parapet  which  surrounds  it,  the  whole  expanse  of  the  valley  is  open  to 
the  spectator,  and  presents  a  combination  of  natural  and  artificial  beauties 
which  together  make  up  a  picture  certainly  not  inferior  to  any  in  the 
world. 

MOORINO    SHAFTS. 

These  are  sunk  entirely  through  the  solid  rock.  They  are  four  in 
number,  52^  feet  in  depth,  and  10  feet  in  length  by  3  feet  3  inches  in 
breadth.  Fig.  5,  in  Plate  100,  is  a  transverse  section  of  one  of  these 
shafts,  showing  the  arrangement  of  the  stone  blocks  into  three  separate 
inverted  arches,  with  straight  shafts  between  them.  Excavations  are 
made  in  the  sides  of  the  shaft  to  receive  these  arches,  and  the  admirable 
resistance  opposed  by  this  species  of  stone  anchor  will  be  readily  under- 
stood on  reference  to  Plate  100.  A  vertical  opening  is  left  through  each 
of  the  middle  stones  for  the  passage  of  the  mooring  cables,  and  at  the 
bottom  of  the  shaft  these  are  firmly  secured  by  keys  and  stirrup  irons, 
as  shown  in  figs.  8  and  9.  Each  of  these  mooring  shafts  was  formed 
with  a  service  or  working  shaft,  about  3  feet  square,  which  was  left  open 
after  the  masonry  was  finished.  The  use  of  this  working  shaft  in  fixing 
the  mooring  cables  will  be  seen  hereafter.  The  masonry  in  the  mooring 
shafts  is  composed  of  Jura  limestone  of  the  best  quality.  In  order  to 
communicate  with  the  base  of  these  shafts,  a  gallery  of  communication  at 
each  end  of  the  bridge  was  driven  from  the  side  of  the  valley,  for  the 
length  of  about  350  feet.  These  small  galleries  are  about  8  feet  in  height 
and  3  feet  wide.  They  are  driven  in  a  direction  coinciding  with  the 
centre  line  of  the  bridge,  and  when  arrived  at  the  line  joining  the  mooring 
shafts,  a  short  cross  gallery  is  driven  right  and  left  to  the  base  of  each 
shaft. 

MAIN    PIERS. 

The  main  pier  of  suspension  at  each  end  of  the  bridge  is  in  the  form  of 
a  Doric  portico,  which  serves  as  an  entrance  to  the  road-way  of  the  bridge. 
Each  front  and  side  of  the  portico  is  ornamented  with  an  entablature  and 
pilasters,  as  shown  by  fig.  1,  Plate  99.  The  opening  is  surmounted  by  a 
semicircular  arch,  and  is  43  feet  in  height  by  19  feet  in  breadth.  The 
masonry  of  this  portico  is  cramped  at  every  course,  and  is  founded  upon 
the  rock,  16  feet  below  the  surface  of  the  ground.  The  basement  of  the 
two  piers  of  each  portico  is  26  feet  in  height  from  the  foundations.     The 
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courses  of  the  basement  are  faced  with  Jura  limestone^  and  the  hearting  ii 
composed  of  solid  blocks  of  sandstone,  dressed  to  perfectly  r^^olar  figma, 
so  as  to  leave  no  hollows  at  the  joints  and  angles.  The  part  above  tk 
basement  is  built  entirely  of  sandstone.  Figs.  1, 2, 3,  5y  and  6,  in  Fhte  99, 
exhibit  the  form  and  dimensions  of  the  portico,  and  fig.  1,  Plate  100,  shoii 
the  granite  blockk  supporting  the  friction  rollers,  which  have  been  alretdy 
described.  In  addition  to  the  cramping  of  the  courses  in  the  main  jhoi, 
numerous  keyed  ties,  with  heads  in  the  form  of  a  cross,  are  let  into  the 
masonry  to  bind  the  whole  together  in  the  most  substantial  manner. — See 
figs.  10  and  11,  Plate  100«. 

VERTICAL    SUSPENSION    CORDS. 

Each  of  these  is  composed  of  thirty  threads  of  wire,  and  presents  a 
diameter  of  1  inch.  Tlieir  length  varies  according  to  their  position,  the 
shortest  being  about  6  inches  and  the  longest  about  54  feet.  These  suspen- 
sion cords,  to  the  number  of  163  on  each  side  of  the  bridge,  are  placed  at 
equal  distances  of  4  feet  1 1  inches  apart.  Each  cord  is  terminated  at  hoUk 
extremities  by  an  annular  crupper,  over  which  the  cord  is  bent.  The 
crupper  at  the  lower  extremity  receives  the  hook  of  the  strap  which  passes 
under  the  road-way  beam,  and  the  crupper  at  the  upper  end  is  supported 
upon  the  middle  of  a  double  saddle,  which  rests  upon  the  two  main  cables 
over  each  of  the  vertical  cords.  Figs.  5  and  6,  in  Plate  100*,  show  on  a 
large  scale  the  attachment  of  these  suspending  cords  to  the  beams  of  the 
road-way  and  to  the  main  cables. 

ROAD-WAY. 

ITie  breadth  of  road- way  between  the  railing  on  each  side  is  21  feet 
3  inches,  of  which  15  feet  5  inches  in  the  middle  are  occupied  by  the 
carriage-way,  and  the  remaining  breadth  on  each  side  by  a  narrow  foot- 
path. The  road-way  beams  are  9  inches  in  breadth,  14^  inches  in  depth 
in  the  middle,  and  12  inches  at  the  sides  under  the  foot-paths.  This 
diminution  of  thickness  gives  a  slight  curvature  to  the  top  of  the  beams, 
and  this  curv^ature,  which  is  preserved  in  the  surface  of  the  road-way,  is 
sufficient  to  allow  the  water  to  run  off  to  the  sides.  The  road-way  beams 
are  placed  4  feet  1 1  inches  apart  from  centre  to  centre.  The  longitudinal 
planking  for  the  carriage-way  rests  upon  the  road-way  beams.  The  planks 
composing  it  are  3^  inches  in  thickness  by  6  inches  in  breadth,  and  from 
30  feet  to  60  feet  in  length.  A  small  space  is  left  between  the  sides  of 
each  plank,  as  shown  in  the  detailed  section  in  Plate  99.  This  longi- 
tudinal planking  is  covered  by  transverse  planks  2  inches  in  thickness,  and 
these  form  the  surface  of  the  road-way.    The  foot-paths  are  raised  about 
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7  inches  above  the  carriage-way ;  they  consist  of  close  transverse  planking 
laid  upon  longitudinal  joists  which  rest  upon  the  transverse  road-way 
beams.  These  joists  are  of  unequal  depth,  so  as  to  give  the  foot-path  a 
slight  inclination  towards  the  carriage-way.  The  timbers  of  the  railing  on 
each  side  of  the  bridge  are  fixed  into  the  outside  joists  of  the  foot-paths. 
The  rails  are  placed  in  a  sloping  direction,  without  upright  posts,  forming 
a  series  of  St.  Andrew's  crosses,  and  the  tops  of  these  are  mortised  into  a 
hand-rail,  roimded  off  at  the  top,  as  shown  in  the  detailed  section.  Every 
fourth  road-way  beam  projects  about  3^  feet  beyond  the  others,  in  order 
to  afford  a  bearing  for  the  diagonal  iron  ties  to  support  the  railing  in  a 
vertical  position.  These  iron  ties  are  bolted  to  the  ends  of  the  beams 
and  to  the  hand-rail,  as  shown  in  the  detailed  section.  The  platform  of 
the  bridge  has  a  slight  curvature  across  the  valley,  being  inverted  to  the 
curve  of  the  chains,  so  that  the  rise  in  the  middle  part  varies,  according  to 
the  temperature,  from  20  inches  to  twice  that  height  above  the  horizontal 
line  joining  the  two  extremities  of  the  platform. 

FABRICATION    OF    THE    CABLES. 

Preparation  of  the  wires. — The  coils  of  wire,  as  delivered  on  the  works, 
weighed  generally  18  or  20  lbs.,  and  the  whole  length  of  each  was  minutely 
examined  on  its  arrival.  If  found  to  be  without  defect,  it  was  immersed 
during  two  hours,  three  several  times,  in  a  cauldron  of  boiling  linseed  oil 
mixed  with  a  small  quantity  of  litharge  and  soot.  On  coming  out  of  the 
cauldron,  the  wire  was  hung  on  lines  to  dry,  and  when  the  drying  was 
complete,  it  was  returned  to  the  depot  to  await  a  new  operation.  Every 
thread  being  thus  covered  with  three  coats  of  oil  is  quite  inaccessible 
to  oxidation,  so  long  as  it  is  not  exposed  to  friction. 

Winding  and  joining  the  threads, — The  coils  of  thread,  after  being  thus 
varnished  and  dried,  were  rolled  upon  drums  or  reels  about  16  inches  in 
diameter.  In  performing  this  operation,  a  workman  fastened  one  end  of  a 
thread  to  the  reel,  and  turning  it  round  by  means  of  a  winch  vnX\\  his  right 
hand,  directed  the  wire  with  his  left.  On  coming  to  the  end  of  a  length, 
he  united  the  ends  of  the  two  wires  by  twisting  them  together  for  about  4 
inches,  and  binding  this  twisted  part  tightly  round  with  annealed  wire,  size 
No.  4,  disposed  in  a  spiral  form  with  continuous  folds.  These  junctions 
were  so  securely  made,  that,  on  subjecting  any  length  of  wire  to  an 
experimental  strain,  the  ends  never  slipped  from  each  other,  and  the  wire 
always  broke  at  some  place  between  the  joinings.  An  expert  workman 
could  join  and  wind  per  day  about  llOOffis.  weight  of  wire,  which 
quantitv  would  fill  three  of  the  reels. 
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strand  thus  bound  together  is  payed  over  with  a  coat  of  the  same  oil 
Tarnish  through  which  the  wire  had  ahready  passed  three  times,  and  the 
strand  is  then  laid  at  full  length  along  the  walk  by  the  side  of  the  others 
already  made. 

Five  workmen,  of  whom  one  is  required  to  apply  the  tension,  can 
fabricate  in  this  manner  five  strands  per  week. 

Mooring  cables. — These  were  made  under  shelter  in  a  covered  walk 
about  85  feet  in  length.  In  this  walk  was  dug  a  longitudinal  ditch,  20 
inches  in  breadth  and  3  feet  4  inches  in  depth.  In  this  ditch  was  placed 
a  line  of  beams  82  feet  in  length  and  12  inches  square;  16  inches  above 
this  line  of  beams  was  placed  another  line  of  similar  dimensions,  supported 
by  uprights  at  about  every  10  feet,  and  strongly  strapped  to  these 
uprights. 

The  extremities  of  each  of  the  beams  abutted  against  uprights  of  oak, 
the  tops  of  which  stood  a  few  inches  higher  than  the  surface  of  the  upper 
beam.  In  the  head  of  each  of  these  uprights  is  bored  a  hole  2\  inches 
diameter,  the  lower  part  of  which  is  exactly  on  a  level  with  the  surface  of 
the  beam.  In  this  hole  works  the  screw  bolt  aa,  2\  inches  diameter 
and  31  inches  in  length  (see  figs.  1  and  2,  Plate  100**).  This  bolt  carries 
a  screw  for  about  half  its  length,  and  the  other  end  is  attached  to  the 
crupper  of  the  cable.  By  means  of  a  small  lever  about  3  feet  in  length,  a 
nut,  through  which  the  screw  passes,  is  worked  round  so  as  to  adjust  the 
end  of  the  bolt  a  a  to  any  required  position  during  the  fabrication  of 
the  cable.  The  small  crane  b  (fig.  2,  Plate  100"*)  is  employed  to  move 
the  weight  which  each  wire  was  required  to  support  at  the  instant  of  its 
inflexion  upon  the  crupper.  The  vertical  post  of  this  crane  swings  round 
as  a  pivot,  and  the  end  of  the  horizontal  arm  carries  a  small  pulley. 

In  commencing  the  manufacture  of  a  cable,  the  extremity  of  one  of 
the  wires  wound  upon  a  reel  is  attached  to  one  of  the  beams  and  passed 
through  the  neck  of  the  crupper.  The  wire  is  then  carried  to  the  other 
extremity  of  the  walk,  and  supported  against  the  neck  of  the  other 
crupper;  about  2  feet  beyond  this  the  wire  is  clasped  by  a  pair  of 
pincers  attached  to  a  cord  which  passes  over  the  pulley  on  the  horizontal 
arm  of  the  crane.  To  the  other  end  of  this  cord  is  attached  a  shell 
weighing  220  lbs.,  which  ordinarily  rests  upon  the  ground.  When  the 
strain  is  to  be  applied  to  the  wire  the  crane  is  swimg  round  on  its  pivot, 
so  as  to  tighten  successively  the  cord  and  then  the  wire:  it  is  evident 
that  at  the  moment  when  the  arm  of  the  crane  stands  out  at  such  an 
angle  as  to  force  the  whole  length  of  wire  and  cord   into   a  perfectly 
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taut  condition,  the  weight  will  be  raised  from  tlic  jcroand  aod 
by  the  wire  and  cord.  By  the  same  process,  and  with  a  simiUr  , . 
the  weig>it  is  raised  by  the  wire  at  the  other  end  of  the  walk.  Whtri 
the  least  variation  is  found  in  the  distance  between  the  two  cnff 
whether  arising  from  alternations  of  temperature  or  other  canst*,  I 
distnnee  can  be  exactly  rc-adjusted  by  means  of  the  screws,  alretdffi 
Kcribed,  at  each  end  of  tlic  walk.  When  all  the  tlirt>iul<t  of  the  ri 
have  been  thus  stretched  and  placed  together,  the  end  of  the  ni 
united  to  the  first  end  which  had  been  temporarily  att&chiHl  to  the  M 
In  this  state  eatli  cable  was  well  payed  over  witli  a  coating  of  oil  na 
prepared  as  before,  and  this  varnish  was  forced  as  much  as  possible  i 
all  the  vacuities  betiveen  the  wires. 

The  cable  was  then  strongly  bound  with  annealed  wire.  No.  H 
the  extremities  of  the  cruppers.  This  wire  ligature  was  continnHl 
about  2  feet  in  length.  The  threads  of  the  cable  were  then  bouoili 
one  sobd  bundle  by  a  close  spiral  envelope  of  wnre  for  the  whall 
that  length  which  was  destined  to  be  placed  in  the  niooriiig  ^ 
Tlie  remainder  of  the  cable  was  bound  at  every  2  feet  with  a  b^ 
for  the  length  of  8  inches,  and  in  order  to  press  these  iigatami 
tightly,  and  to  render  the  cable  more  cyUndrical,  a  kind  of  oil 
vice  was  contrived  to  fit  the  figure  of  the  cable,  and  the  two  pul 
this  vice  being  forced  together  by  means  of  a  screw,  a  great  presnire' 
ap])lied  to  every  ligature. 

When  the  first  cable  had  been  thus  fabricated,  it  presented  a  mt 
satisfactory  appearance;  but  it  was  no  sooner  taken  from  the  frame  i 
which  it  had  been  stretched  than  the  elasticity  of  the  great  mass 
wire  which  composed  it  came  into  play,  and  caused  it  to  assume  a  sai 
of  double  cur^'cs  like  those  of  a  corkscrew.  It  would  have  been  a 
possible  to  force  it  in  this  state  into  the  opening  of  the  nioorirj  shi 
After  many  ineffectual  efforts  to  maintain  the  cable  in  a  straight  fi 
when  at  perfect  liberty,  in  order  that  it  might  be  placed  in  its  posib 
in  the  mooring  shaft,  M.  Chaley  adopted  the  following  expedienL  I 
caused  to  he  prepared  a  number  of  small  deal  laths  cut  from  jw 
wood;  these  laths  were  }  of  an  inch  thick  and  2  inches  wide,  and  t 
whole  length  of  the  cable  being  enveloped  in  four  thicknesses  of  tlie 
the  whole  mass  was  firmly  tied  round  with  ligatures  of  annealed  «i 
at  every  9  or  10  inciies.  Thus  enveloped  in  a  case  of  wood,  the  al 
was  left  to  itself,  and  experienced  no  change  except  a  very  small  amW 
of  torsion.      This    kind    of   packing    round    the    cables    had    tlie    furth 
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advantage  of  protecting  them  from  injury  during  the  operation  of  fixing 
them  in  their  places. 

Eight  cables  of  the  same  length,  intended  for  the  two  sides  of  the 
valley,  were  successively  fabricated  and  packed  round  in  this  manner. 
Fig.  1  is  a  section  of  one  end  of  the  frame,  showing  the  long  beams, 
the  upright,  the  tightening  screw,  and  crupper.  Figs.  2  and  3  are  an 
elevation  and  plan  of  one  end  of  the  frame,  showing  the  long  beams, 
the  upright,  the  crupper,  and  part  of  the  cable  in  course  of  manufacture ; 
also  the  crane,  with  the  weight  suspended  over  its  pulley.  The  crane 
is  here  shown  in  the  position  it  takes  when  the  weight  is  being  supported 
by  the  wire.  The  dotted  lines  on  the  plan  and  section  show  the  position 
of  the  arm  of  the  crane  when  the  weight  is  at  rest  on  the  ground. 

Suspension  cords. — After  having  calculated  the  different  lengths  of  these 
cords,  and  projected  their  lengths  upon  a  scale  of  ^  the  full  size,  M. 
Chaley  proceeded  to  manufacture  these  in  sets  of  four  for  each  different 
length  required.  For  this  purpose  two  posts  were  firmly  fixed  in  the  ground 
at  a  distance  of  55  feet  apart,  and  throughout  the  whole  length  between 
^em  a  horizontal  bar  was  fixed  and  supported  at  intervals  by  uprights. 
An  iron  hook  was  fixed  vertically  into  one  of  the  posts,  and  held  the 
small  fixed  crupper  of  the  system.  A  small  waggon  which  ran  upon 
the  bar  contained  a  corresponding  moveable  crupper,  and  could  be  fixed 
at  pleasure  to  the  bar  or  allowed  to  slide  along  it.  In  the  fabrication 
of  the  cords  the  waggon  was  fixed  successively  at  the  several  required 
distances  from  the  fixed  crupper,  and  the  wire,  to  the  number  of  thirty 
threads,  was  continually  doubled  round  them,  and  the  proper  tension 
applied  to  each  single  thread  by  means  of  a  screw.  The  threads  were  then 
tied  together  at  the  cruppers,  and  the  whole  length  of  the  cord  bound 
by  a  spiral  tliread  with  folds  about  an  inch  apart. 

METHOD    OF    RAISING    AND    FIXING    THE    CABLES. 

When  all  the  masonry  of  the  main  piers  and  the  mooring  shafts  had 
been  completed,  the  sloping  galleries  opened,  and  all  the  friction  rollers 
fixed  in  their  places,  the  work  of  fixing  the  suspension  cables  was  pro- 
ceeded with. 

For  this  purpose  a  scaffold  was  established  upon  each  of  the  main 
piers,  projecting  on  each  side  of  a  hollow  which  had  been  left  above 
the  arch  of  the  portico.  Upon  this  scaffold  were  fixed  two  windlasses, 
one  before  the  other,  the  barrels  of  which  were  10  feet  long  and  10  inches 
diameter.     The  position   of  these   windlasses   is   seen  in  figs.  3  and  6, 
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Plate  99,  and  in  fig.  4,  Plate  100*.    In  the  latter  Plate  the  two  windlassei, 
for  the  convenience  of  reference,  are  numbered  1  and  2.     Six  levers  or 
capstan  bars,  5  feet  long,  were  employed  at  each  extreoiity  of  the  band 
for  working  these  windlasses.    Another  windlass  (No.  3,   Plate  98),  of 
the  same  size  as  the  first  two,  was  firmly  planted  in   the  axis  of  the 
bridge^  about  33  feet  beyond  each  of  the  main  piers.     A  hempen  caUe, 
about  760  feet  in  length,  and  something  more  than  an  inch  in  diameter, 
was  wound  upon  the  axle  of  No.  3  windlass.    The  firee  end  of  this  caUe 
was  then  conducted  to  the  main  pier,  and  after  two  revolutions  round 
the  axles  of  No.  1  and  No.  2,  it  was  attached  to  the  end  qf  a  smaller 
rope,  the  other  extremity  of  which  was  fixed  to  the    windlass   No.  4, 
placed  in  the  bottom  of  the  valley  in  the  axis  of  the  bridge^  and  neari? 
under  the  middle  of  its  length.    About  170  feet  of  the  smaller  rope  were 
then  wound  on  the  axle  of  No.  4.    The  same  manceuvre  was  executed 
for  the  other  side  of  the  valley  by  a  similar  apparatus   of  ropes  and 
windlasses.    The  windlass  for  this  other  side  is  marked  No.  5  in  Plate  98. 
The  first  strand  of  the  suspension  cables  was  then  brought  between 
the  two  windlasses.  No.  4  and  No.  5,  which  were  placed,  as  we  have 
said,  in  the  bottom  of  the  valley.     For  this  purpose  a  lai^  cylinder  or 
drum  (see  figs.  8  and  9,  Plate  100''),  6^  feet  in  diameter  and  5  feet  long, 
was  mounted  upon  a  low  car  with  four  xrheels,  and  so  placed  as  to  turn 
freely  on  an  iron  axle.     This   car  was   conducted  to  the   walk   where 
the  strands  had  been  made,  and   where  they  were   laid   out  in  double 
lengths.     One  strand  taken  up  by  the  middle  was  then  attached  to  the 
drum,  and  a  motion  being  given  to  the  car,  the  whole  strand  was  rolled 
upon  the  dnmi  in  the  form  of  a  doubled  rope.    The  strand  was  then 
conducted  to  the  spot  from  which  it  was  to  be  raised  to  the  main  piers. 
Arrived  at  this  spot,  the  car  was  firmly  fixed  between  the  two  windlasses 
No.  4  and  No.  5,  as  shown  in  the  plan,  fig.  9,  Plate  100*.     The  two 
cruppers  or  extremities  of  the  strand  were  then  strongly  secured,  one 
on  each  side  of  the  car,  to  the  hempen  cables,  near  the  point  where  these 
cables  were  rolled  upon  the  axles  of  No.  4  and  No.  Sw     The  whole  of 
the  windlasses  at  each  end  of  the  bridge  were  then  set  to   work,  and 
gradually  the  great  hempen   rope   was  wound  up,  carrying  with   it  to 
each  end  of  the  bridge  one  extremity  of  the  suspension  cable,  and  causing 
it  at  the  same  time  slowly  to  unroll  off"  the  drum.     WTien  the  whole 
of  the  strand  had  been  thus  unrolled  it  quitted  the  drum,  and  the  car 
was  then  at  liberty  to  be  drawn  back  to  the  walk  to  take  up  another 
strand. 
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When  the  two  extremities  of  the  strand  had  thus  arrived  at  the  main 
piers,  the  workmen  ceased  to  heave  at  the  windlasses  on  one  side  of 
the  valley,  but  continued  working  at  those  on  the  opposite  side.  The 
strand  was  thus  drawn  over  moveable  wooden  rollers  placed  upon  the 
main  pier,  and  was  there  attached  near  its  crupper  to  another  hempen 
cable,  which  was  wound  upon  the  axle  of  windlass  No.  6,  placed  at 
the  bottom  of  the  sloping  gallery.  From  this  position  the  strand  was 
removed  without  much  effort  on  to  one  of  the  friction  rollers  at  the 
top  of  the  pier.  The  workmen  then  hove  away  at  the  windlasses  on 
the  other  side  of  the  vallev,  and  the  other  end  of  the  strand  was  drawn 
into  the  sloping  gallery  on  that  side  by  means  of  windlass  No.  7- 

Two  bench  marks  had  been  fixed  precisely  at  the  same  level,  one 
on  each  of  the  main  piers,  to  indicate  the  flexure  which  should  be 
given  to  the  suspension  cables.  The  heaving  at  windlass  No.  7  was 
continued  till  the  line  of  sight  from  one  bench  mark  to  the  other  be- 
came a  true  tangent  to  the  inferior  part  of  the  catenary  assumed  by  the 
strand. 

Each  mooring  cable,  packed  round  with  laths  as  above  described,  was 
then  carried  by  thirty  men  to  the  entrance  of  the  mooring  shaft,  and 
placed  in  the  sloping  gallery  upon  wooden  rollers  placed  there  to  receive 
it.  A  strong  hempen  rope,  wound  upon  the  axle  of  the  windlass  placed 
near  the  entrance  of  the  mooring  shaft,  was  then  led  down  the  service 
or  working  shaft  of  3  feet  square,  bent  over  a  pulley  placed  at  the  bottom, 
and  brought  up  through  the  small  opening  destined  to  receive  the  first 
mooring  cable.  The  free  end  of  the  rope  was  then  firmly  bound  with 
wire  to  the  crupper  of  the  mooring  cable,  and  the  windlass  being  set 
to  work,  the  hempen  rope,  on  its  return,  drew  with  it  the  mooring  cable 
through  the  opening  left  in  the  masonry.  Great  care  was  necessary  in 
this  operation;  and  in  order  to  prevent  curves  or  torsion  of  the  cable, 
it  was  performed  very  gradually,  the  wooden  envelope  of  the  cable  being 
regularly  cut  away  as  it  descended  into  the  mooring  shaft. 

In  the  interior  of  the  sloping  galleries  cross  pieces  had,  in  the  mean 
time,  been  placed  out  of  reach  of  the  bars  of  the  windlasses,  to  support 
the  first  suspending  strand  which  had  already  been  fixed ;  and  the  wind- 
lass No,  6  was  thus  free  to  be  employed  in  raising  another  strand  of 
the  main  cable.  A  second  strand  being  then  raised  by  a  process  similar 
to  that  which  has  been  described  for  the  first,  the  two  cruppers  of  these 
strands  were  placed  one  on  each  side  of  the  mooring  cable,  and  secured  to 
it  by  keys,  as  before  explained,  and  shown  by  figs.  10  and  11,  Plate  100. 
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Tht  v^<o)o  of  the  forty  strands  forming  the  two  cables  for  one  side 
nf  r^'C  ^7^J^^  were  first  fixed,  and  then  those  for  the  other  side  vov 
rut**:*.'.  x*,ul  fixed  by  the  same  means.  When  all  the  strands  of  thesoi- 
Ttrfr^s>»M)  oAhles  had  been  thus  fixed,  they  formed  two  bands^  each  31  inchei 
iti  Srvciiilh*  with  a  space  of  30|  feet  between  them.  The  cables  continued 
v.^.  9^c  form  of  a  band  from  their  junction  with  the  mooring  cables  to  die 
^^v^t"  fi>r  attaching  the  first  or  longest  of  the  suspension  cords.  Then 
;hrvuis;huut  that  part  of  their  length  from  which  these  cords  were  su- 
(vtwlod,  the  forty  strands  were  divided  into  two  equal  masses  of  twenty 
<NAch«  and  held  by  means  of  a  screw  vice  in  this  position  whilst  they  were 
Ih>uiuI  by  the  wire  ligatures  intended  to  preserve  them  in  the  cylindricd 
form.  Each  suspension  cord  placed  between  the  two  cables,  and  sop- 
)H)rtcd  by  the  saddle  or  cushion  resting  on  the  cables,  carried  at  its  lower 
extremity  a  stirrup  iron  to  receive  the  transverse  beams  of  the  road-way. 

After  the  platform  of  the  bridge  was  fixed,  the  cables  were  payed  over 
with  a  vaniish  prepared  as  before  described,  which  was  made  to  penetrate 
us  much  as  possible,  and  to  cover  them  all  over.     The  suspension  saddles, 
stirrup  irons,  and  cords,  as  well  as  the  retaining  and  mooring  cables,  were 
payed  over  all  their  exposed  surfaces.     When  the  ligatures  were  every 
wliere  completed  and  the  whole  bridge  finished,  all  the  cables  were  finallr 
painted  with  white  lead  and  oil.     The  white  colour  weakens  the  action 
of  the  sun,  and  allows  any  symptom  of  incipient  oxidation   readilv  to 
manifest  itself.     Abundance  of  oil  has  been  regularly  supplied  to  that 
part  of  the  main  cables  which  passes  over  the  friction  rollers  on  the  main 
j)iers,  and  this  practice  has  been  strictly  attended  to  from  the  first  opening 
of  tlie  bridj^e  to  the  present  time;   and  in  order  to  prevent  oxidation 
of  tlie  mooring  cables,  liquid  grease  is  periodically  poured  into  the  openings 
in  which  tliese  cables  are  fixed. 


MATERIALS    USED    IN    THE    CONSTRUCTION    OF   THE    BRIDGE. 

With  very  slight  exceptions,  Sv^-itzerland  itself  has  furnished  all  the 
materials  and  all  the  workmen  employed  in  this  bridge. 

The  Jura  limestone  for  the  masonry  of  the  main  piers  and  the  mooring 
shafts  was  procured  from  the  quarries  of  Neuville  and  Lengnau,  in  the 
chain  of  the  Jura  mountains,  distant  10  or  15  leagues  from  Fribourg. 
The  stone  was  transported  by  land  carriage  to  the  banks  of  the  lakes 
of  Neuchatel  or  Bienne,  and  conveyed  by  water  along  the  line  of  the 
River  de  la  Broie  and  the  Lake  of  Morat  to  the  town  of  this  name,  which 
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is  only  three  leagues  from  Fribourg.    For  this  last  part  of  the  distance 
the  materials  were  conveyed  by  land  to  each  end  of  the  bridge. 

The  sandstone  of  which  the  momitains  on  each  side  of  the  valley  are 
entirely  composed  was  found  an  excellent  material  for  building.  Two- 
thirds  of  the  whole  masonry  of  the  bridge  consists  of  sandstone  procured 
from  quarries  less  than  a  mile  west  of  the  town.  From  these  quarries 
blocks  of  any  size  could  be  Obtained  without  any  limits  except  the  dif- 
ficulty and  expense  of  transport.  This  stone^  when  first  quarried,  was  so 
moist  and  soft  that  the  masons  could  dress  it  with  great  ease.  After 
being  exposed  to  the  air,  however,  for  several  months,  it  dried  to  a  bluish- 
gray  colour,  and  acquired  a  considerable  solidity  and  hardness. 

The  limestone  of  which  the  retaining  walls  in  front  of  the  terraces  were 
built  is  a  calcareous  tufa,  composed  of  very  hard  stalactites  whose  cells 
are  sometimes  empty  and  sometimes  filled  with  a  calcareous  matter, 
which  is  almost  of  a  pasty  consistence  in  the  quarry,  but  which  very 
quickly  hardens  in  the  air,  and  acquires  great  firmness  even  in  sub- 
terranean works. 

This  stone  was  procured  from  the  quarries  of  Corpateau,  on  the  banks  of 
the  Sarine,  6  miles  south-west  of  Fribourg. 

The  granite  used  for  the  support  of  the  friction  rollers  was  procured 
from  isolated  masses  scattered  over  the  surrounding  country.  Its  quality 
is  very  variable. 

Before  commencing  the  works,  specimens  of  the  different  kinds  of  stone 
were  submitted  to  experiment  with  the  hydraulic  press. 

The  following  is  the  result  of  these  experiments,  with  the  weight  of  a 
cubic  foot  of  each. 

Weight  borne  without        Weight  in  tbs.  of 
injury  per  square  inch.  a  cubic  foot. 

The  Jura  limestone 3307  188 

The  sand  or  gritstone 555  137 

The  calcareous  tufa,  about    ....       555  118 

The  iron  was  principally  procured  from  the  works  of  M.  Finot  d^Under- 
villers,  in  the  canton  of  Berne.  The  wrought  iron  ties,  however,  for  the 
masonry  of  the  piers,  and  the  screw  bolts  for  securing  the  timbers  of 
the  platform,  were  supplied  by  the  rolling  mills  of  England.  Notwith- 
standing the  expensive  carriage  of  these  articles  by  sea  and  land,  their 
cost  was  at  least  20  per  cent,  under  that  of  French  iron,  although  the 
latter  is  extensively  manufactured  in  Franche-Comte,  within  thirty  leagues 
of  Friboursr. 
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The  whole  of  the  iron  wire  was  supplied  from  the  wire  works  of  Mesos. 
Ncuhaus  and  Panserot,  of  Bienne,  who  manu£actiire  all  their  wire  from 
the  iron  of  Undervillers. 

Tlie  fir  timber  of  which  the  road-way  is  constructed  was  furnished  in 
abundance  by  forests  in  the  canton  of  Fribouig,  and  sawn  at  a  n^^ 
bouring  mill  worked  by  a  fall  of  water. 

Such  is  the  celebrated  bridge  of  FribArg,  a  work  which  we  haie 
thought  worthy  of  a  somewhat  lengthened  description^  not  less  became 
the  bridge  is  in  itself  one  of 'the  finest  examples  of  engineering  skill 
which  the  world  has  ever  seen,  than  because  it  is  the  principal  modd 
which  this  treatise  presents  of  a  very  important  division  of  bridge 
architecture.  For  most  of  the  particulars  of  this  description  we  are 
indebted  to  an  able  notice  in  the  Annales  des  Ponts  et  Chaussees,  by 
M.  Chalcy,  the  engineer  already  mentioned  as  the  constructor  of  the 
bridge. 


THEORY  OF  THE  ARCH. 
Plates  101,  102,  and  103. 
(Sec  Professor  Moselcy's  Tlieoretical  and  Practical  Papers^  voL  i.) 


CHAIN   BRIDGE   UPON   THE   CATENARIAN   PRINCIPLE. 

Plates  104,  105,  106,  and  107. 

This  is  a  design  by  Robert  Stevenson,  Esq.,  of  Edinburgh,  exhibiting  a 
novel  application  of  the  catenarian  curve  to  the  construction  of  chain 
l)ridges.  This  design,  it  will  be  observed,  has  never  been  carried  into 
execution,  but  was  proposed  by  Mr,  Stevenson  for  the  great  north  road 
botweon  Edinburgh  and  Queensferry,  where  it  crosses  the  river  Almond. 
The  chief  peculiarity  which  distinguishes  this  from  the  chain  bridge  of 
suspension  is  the  mode  in  which  the  chains  are  fixed  without  passing  over 
high  turrets,  as  in  the  ordinary  chain  bridge.  Mr.  Stevenson's  bridge 
may  be  termed  a  suspension  bridge  with  reference  to  the  catenarian  curve 
or  curve  of  suspension  assumed  by  the  chains ;  but  with  respect  to  the 
roail-way  tlie  term  suspension  can  no  longer  be  appUed,  because  the  road- 
waw  is  raised  ahore  the  chains,  and  rests  ypon  them^  instead  of  being 
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• 

The  main  chains  in  this  design  are  five  in  number,  and  each  is  made  to 
collapse  or  turn  round  the  abutments  of  masonry,  as  shown  in  Plate  106. 
The  chains  are  also  continued  through  horizontal  passages  in  the  abut- 
ment, quite  up  to  the  face  of  the  latter,  where  the  end  of  each  chain  is 
formed  into  a  great  nail  or  bolt.  The  countersimk  or  conical  heads  of 
these  bolts  are  made  to  fit  into  corresponding  hollow  tubes  of  cast  iron, 
fixed  in  the  masonry  of  the  abutment.  The  superstructure  resting  upon 
the  catenarian  chains  consists  of  a  series  of  iron  arches,  with  iron  columns 
between.  The  span  of  these  arches  varies  from  3  feet  at  the  sides  to 
5i  feet  in  the  middle  of  the  curve. 

The  plan  and  section  in  Plate  105  show  the  transverse  bearers  resting 
on  the  main  chains,  with  the  diagonal  bracing  between  the  columns.  It 
will  be  seen  from  this  plan  and  section  that  the  bearer  in  the  middle  of 
the  curve  is  42  feet  in  length,  while  the  length  of  those  at  each  end  is  no 
more  than  32  feet,  that  is,  the  width  across  the  five  chains.  The  addi- 
tional width  of  5  feet  on  each  side,  which  is  given  to  the  middle  bearers, 
is  suspended  from  the  level  of  the  road-way  by  diagonal  bars,  as  shown  in 
the  transverse  section,  Plate  105.  The  intermediate  bearers  on  each  side 
of  the  middle  one  project  a  proportionate  distance  beyond  the  outer 
chains,  commencing  at  5  feet  in  the  middle  and  diminishing  to  nothing  at 
the  ends.  The  tapering  form  thus  given  to  the  bridge,  both  in  plan  and 
section,  would  increase  its  lateral  stifihess,  and  serve  in  some  degree  to 
prevent  that  vibration  which  is  so  injurious  to  light  chain  bridges.  Plate 
107  contains  a  section  and  plan  showing  the  galleries  formed  in  the 
abutment  for  the  admission  of  the  main  chains.  These  galleries  are  5  feet 
wide  and  7  feet  high,  arched  with  semicircular  tops,  and  each  one  can  be 
entered  by  means  of  the  arched  access,  or  gallery  of  access,  which  passes 
at  the  back  of  the  abutment  and  communicates  Math  all  the  longitudinal 
galleries  containing  the  chains. 

The  design  exhibited  in  these  Plates  is  applicable  to  a  bridge  of  150  feet 
span,  and  Mr.  Stevenson  observes,  in  reference  to  bridges  of  this  kind, 
that  the  expense  of  making  ^  up  the  road-way,  and  the  enlarged  angle  of 
its  suspension,  may  be  considered  as  limiting  the  span  or  extent  of  bridges 
of  this  construction  to  about  200  feet.  The  justice  of  this  will  be  evident 
when  we  consider  that  the  height  from  the  curve  to  the  road-way  must 
necessarily  be  increased  according  as  the  span  is  made  greater ;  so  that  for 
bridges  of  very  large  span  the  cost  of  the  superstructure  would  render 

^  Description  of  Bridges  of  Suspension.     By  Robert  Stevenson,  Esq.,  F.R.S.E.,  in  the  Edinburgh. 
Philos.  Journal,  vol.  v.  p.  237. 
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these  bridges  more  expensive  than  chain  bridges  with  turrets  for  sus- 
pending the  chains.  At  the  same  time  it  is  evident  that,  for  any  spu 
less  than  about  200  feet,  Mr.  Stevenson's  principle  possesses  manv 
important  advantages,  amongst  whicli  may  be  mentioned  the  simplicity  of 
the  construction,  and  the  facility  with  which  any  particular  chain  may  be 
withdrawn  and  replaced  without  injuring  the  fabric  of  the  bridge. 


DARLASTON   BRIDGE,  STAFFORDSHIRE. 
Plates  108,  109,  and  110. 

This  is  a  bridge  of  one  arch,  ^-ith  a  span  of  86  feet  and  a  rise  of  13  feet 
6  inches.  The  length  of  the  parapet  from  end  to  end  is  117  feet,  and  its 
height  4  feet.  The  road-way  is  embanked  at  each  end  of  the  bridge  to 
the  length  of  about  15  feet,  and  measures  26  feet  6  inches  in  width 
between  the  parapets. 

Tlie  bearing  piles  are  of  4-inch  planking,  8  feet  in  lengthy  and  are 
placed  in  rows  4  feet  apart  from  centre  to  centre,  both  in  a  transTcrse 
and  longitudinal  direction  under  the  abutments  and  wing  walls.  Upon 
each  internal  row  of  piles  a  sill  with  a  scantling  of  12  inches  square 
is  bolted  to  each  ])ile.  In  front  of  these  sills  are  driven  sheeting  piles 
1 1  feet  long  by  4  inches  tliick ;  these  sheeting  piles  are  spiked  to  the  sills, 
and  are  furtlier  fastened  and  supported  by  waling  pieces^  12  inches  thick 
by  9  inches  wide,  passing  round  the  outside  and  secured  to  them  by  screw 
bolts  fixed  at  intervals  of  4  feet,  passing  through  the  sills  as  well  as  the 
sheeting  piles,  and  made  fast  by  nuts. 

Sleepers  1 2  inches  wide  and  6  inches  thick  are  spiked  to  the  bearing 
piles  in  a  transverse  direction,  and  are  crossed  by  others  of  similar  scant- 
ling  extending  in  a  longitudinal  direction,  and  spiked  to  the  imder  ones, 
each  course  of  sleepers  being  made  to  butt  against  and  fit  close  to  the  sills 
before  described.  The  sleepers  are  covered  by  the  platform  or  flooring, 
which  consists  of  4-inch  close-jointed  planks,  spiked  to  the  upper  course 
of  sleepers,  and  extending  to  the  outside  of  each  sill. 

The  abutments  are  founded  on  the  platform  at  11  feet  6  inches  below 
the  water  level,  and  are  raised  upon  three  courses  of  footings,  the  lowest 
of  which  is  laid  horizontal,  and  is  15  inches  in  thickness;  the  other 
courses  are  laid  with  horizontal  quoins  and  faces,  but  radiating  internally 
in  a  transverse  direction  to  a  point  at  the  level  of  the  upper  side  of  the 
lower  course,  and  1 1  feet  G  inches  from  the  general  face  of  the  abutment. 
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The  footings  project  6  inches  on  each  face,  the  lowest  one  measuring 
34  feet  in  length  at  the  under  side. 

The  stones  forming  the  face  of  the  abutments  are  in  level  courses  1  foot 
6  inches  in  thickness  at  the  footings,  and  decreasing  in  thickness  to  the 
springing  course,  where  they  are  12  inches  deep. 

The  interior  of  each  abutment  is  built  solid,  with  slanting  courses  whose 
beds  radiate  to  the  same  point  as  described  for  the  footings. 

The  abutments  are  strengthened  by  counterforts,  one  built  in  a  line  with 
each  end,  and  a  third  one  in  the  centre  line  of  the  abutment;  they  are 
founded  at  the  same  depth  as  the  abutments  upon  three  courses  of  footings, 
also  similar  to  those  of  the  face  of  the  abutments,  and  are  carried  up  solid 
in  horizontal  courses,  diminishing  in  thickness  from  18  inches  to  1  foot, 
and  finished  off  at  the  top  with  a  slight  longitudinal  inclination.  These 
counterforts  are  connected  to  each  other  by  semicircular  counter  arches, 
which  are  embedded  into  the  masonry  of  the  abutment.  The  springing 
course  of  each  abutment  is  12  inches  in  depth,  and  projects  3  inches 
in  front  of  the  face  of  the  arch,  being  washed  off  to  the  depth  of  3  inches 
at  the  top. 

Each  outside  front  of  the  abutments  is  embellished  by  four  Tuscan 
columns,  placed  in  couples,  with  a  niche  9  feet  high  and  4  feet  wide  in  the 
centre ;  these  columns  rest  upon  the  level  of  the  springing  course,  and  are 
surmounted  by  a  frieze  15  inches  in  depth,  which  extends  the  whole 
length  of  the  bridge. 

The  wing  walls  are  built  in  courses  varying  from  15  to  18  inches  in 
thickness;  they  are  curved  outwards  on  the  plan  and  made  to  sweep 
downwards  in  elevation,  being  covered  by  a  chisel-dressed  ashlar  coping, 
3  feet  wide  and  6  inches  deep.  They  are  terminated  at  each  extremity  by 
a  square  pilaster,  measuring  3  feet  at  the  top  and  2  feet  above  the  surface 
of  the  ground,  surmounted  by  a  pointed  coping  cap  of  ashlar,  2  feet  deep, 
and  projecting  3  inches  each  way. 

The  stones  forming  the  arch  measure  18  inches  on  the  face;  they  are 
worked  into  the  abutment  at  the  springing,  and  are  3  feet  6  inches  in 
bed  at  the  crown  of  the  arch.  The  extrados  of  the  arch  is  worked  off  to  a 
tangent  at  the  haunches. 

The  face  courses  of  the  arch  are  of  ashlar,  worked  to  the  radius  of  the 
arch,  with  their  ends  cut  to  suit  the  vertical  joints  in  the  horizontal  courses 
of  the  spandril  walls.  The  whole  of  the  front  ashlar  of  the  arch,  the 
spandrils,  the  pilasters,  and  wing  walls,  have  all  the  outside  joints  cham- 
fered, as  seen  in  Plate  108. 
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The  course  is  18  inches  deep,  3  feet  4  inches  in  breadth,  with  i  pio- 
jection  of  18  inches.  The  plinth  of  the  parapet  projects  3  inches  each 
way,  and  is  15  inches  high.  The  dado  is  14  inches  thick,  with  a  copiif 
10  inches  deep,  and  washed  off  at  the  top.  Elach  end  of  the  panprt  is 
terminated  by  a  pilaster,  with  a  tablet  in  the  centre  of  a  correspondiDg 
character  Tvith  the  columns  and  niche  beneath,  and  a  similar  pilaster  and 
tablet  are  placed  over  the  crown  of  the  arch. 

Plate  1 10  comprises  an  elevation  and  section  of  the  centering  used  in 
the  construction  of  this  bridge;  it  consists  of  five  ribs,  placed  6  feet 
6  inches  apart  from  centre  to  centre ;  each  of  these  ribs  is  sostuned  by 
piles  driven  10  feet  6  inches  apart  in  a  longitudinal  direction. 

These  piles  are  connected  by  sleepers  9  inches  in  thickness,  15  indici 
wide,  and  28  feet  6  inches  in  length,  extending  the  length  of  the  arch,  and 
spiked  to  each  pile.  Small  upright  bearers,  2  feet  3  inches  in  length,  ire 
fixed  firmly  upon  the  sleepers,  over  each  pile ;  these  are  surmounted  br 
eight  connecting  beams,  similar  in  dimensions,  and  corresponding  to  the 
sleepers  just  described. 

The  wedges  are  of  the  most  simple  form,  as  shown  in  the  section, 
Plate  110;  they  are  placed  upon  the  connecting  beams,  two  over  eich 
pile  or  bearer,  thus  forming  the  support  for  each  separate  rib,  which  is 
constructed  in  the  following  manner : — the  straining  beam,  extending  from 
one  springing  to  the  other,  takes  its  bearings  upon  the  wedges,  and  is 
strengthened  in  the  middle  by  an  iron  strap  on  each  side,  4  feet  long  by  3 
inches  wide,  connected  by  four  bolts,  passing  through  each  strap,  as  weD 
as  the  beam. 

Tlic  queen-posts  which  support  the  filling  in  pieces  are  placed  over  each 
bearer,  and  secured  upon  the  straining  beam  by  strap  irons ;  these  are  kq^t 
in  tlieir  places  by  diagonal  braces,  extending  from  one  queen-post  to 
the  other,  and  from  the  bottom  of  the  queen-posts  to  the  filling  in  pieces, 
with  bolts  driven  through  the  intersections,  and  secured  by  strap  irons  and 
bolts,  as  shown  in  the  elevation.  The  filling  in  pieces  are  also  secured  to 
the  straining  beam  at  each  springing  by  strap  irons,  with  four  bolts 
through  each. 
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BASCULE  BRIDGE,  WELLESLEY  LOCK  WORKS. 

Plates  111  and  112. 

This  is  a  draw-bridge,  consisting  of  two  leaves  which  meet  in  the 
middle,  and  are  raised  by  means  of  crab  machinery  placed  at  each  end 
of  the  bridge.    The  span  of  the  arch  is  40  feet,  its  rise  2  feet  3  inches. 

The  bridge  contains  eight  main  ribs,  each  of  one  casting,  2  inches  in 
thickness.  Elevations  of  one  of  the  internal  and  one  of  the  outside  ribs 
are  seen  in  Plate  111.  The  latter  are  ornamented  by  scroll-work,  as  seen 
in  the  Plate.  The  spaces  between  the  two  outside  ribs  and  those  next  to 
them  measure  4  feet  4  inches  in  width,  and  the  internal  ribs  are  about 
4  feet  apart  from  centre  to  centre. 

The  wrought  iron  through  ties,  which  connect  the  ribs  together  so 
as  to  form  a  strong  and  compact  frame,  and  the  cross  plates  at  the  middle 
of  the  bridge,  that  is,  at  the  extremity  of  each  leaf,  are  shown  in  the 
plan,  Plate  112.  The  ties  have  nuts  and  screws  at  the  ends,  and  the 
plates  are  secured  by  wrought  iron  screw  bolts  and  flanges. 

The  axle  for  the  ribs  is  9  inches  in  diameter,  and  cast  in  two  pieces, 
joined  in  the  middle  by  flanges,  each  1  inch  in  thickness,  rising  2  inches, 
with  four  bolts  passing  through  and  secured  by  nuts.  It  is  supported 
upon  solid  cast  iron  plummer  blocks,  bushed  with  solid  brass.  Two 
enlarged  views  of  the  plummer  blocks  are  given  in  Plate  111;  the  lower 
bearing  pieces  of  the  block  are  secured  to  the  stone-work  and  counter- 
forts by  long  iron  bolts,  with  eyes  and  counterbolts,  each  2^  inches  in 
thickness. 

Tlie  joints,  trimmer,  and  discharging  pieces  of  the  stationary  part  of  the 
bridge  are  each  in  one  casting,  and  attached,  by  means  of  flanges,  with 
inch  and  half  bolts  and  nuts. 

Tlie  bridge  is  raised  by  crab  machinery  at  each  side,  acting  upon  a  large 
solid  quadrant  wheel  4^  inches  in  thickness ;  this  is  secured  firmly  upon 
each  end  of  the  main  axle,  as  well  as  to  the  front  ribs  of  the  bridge, 
by  bolts  and  nuts  2  inches  in  thickness.  The  axles  of  the  crabs  are 
supported  by  bolsters  and  collars  screwed  on  the  outer  stationary  ribs 
of  the  bridge,  and  placed  within  cast  iron  cylindrical  posts  IJ  inch  in 
thickness,  which  reach  below  the  platforms  of  the  walls  of  the  bridge. 

The  upright  pieces  of  the  railing  of  the  bridge  are  of  cast  iron,  3^  inches 
square,  secured  to  the  front  ribs  and  to  the  platform  by  flanges  with  inch 
bolts  and  nuts:  the  horizontal  and  diasronal  wrousrht  iron  bars,  li  inch 
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square,  are  secured  into  the  quadrant  wheel  and  to  the   uprights;  1 
intermediate  bars  are  of  inch  square  iron,  secured  in  the  ordinary  w 
and  riveted  into  the  upper  and  lower  flat  bars,  which  are  3  inches 
breadth  by  }  inch  thick,  and  are  attached  to  the  timber  planking  of 
foot-way. 

The  ballast  plates  are  formed  of  boxes  of  cast  iron  2  inches  in  thickiM 
open  at  the  end  next  the  axle,  supported  on  the  main  ribs  by  flanges,  \ 
attached  by  inch  bolts  and  nuts. 

The  road-way  is  formed  by  timber  plank  7  inches  thick^  secured  to 
upper  flanges  of  the  cast  iron  ribs  by  nuts  and  f-inch  bolts. 

The  larger  and  smaller  guide  rails  are  shown  in  plan  and  sectioi: 
Plate  112.  Tliey  extend  longitudinally  on  each  side  of  the  carriage-^ 
from  the  commencement  of  the  approaches  at  each  end,  and  are  seci 
to  the  sheeting  of  the  road-way  by  bolts  and  nuts. 

Tlie  following  is  a  statement  of  the  weight  of  iron  in  the  sevezal  p 
composing  one  leaf,  that  is,  one  entire  half  of  this  bridge : 


Weight  of  ribs 

Balance  boxes 

Stationary  ribs 

Trimmer 

Arched  ribs     . 

Wale  plates     . 

Wheel-work  plates,  posts,  &c. 

Two  end  frames 

Centre        do. 

Shaft  and  plummer  blocks,  plates  for  do. 

Guide  niils,  large  and  small 


tons. 

cwt. 

qr. 

ftt. 

11 

10 

2 

2 

13 

13 

2 

4 

3 

5 

1 

12 

1 

18 

0 

18 

2 

14 

0 

0 

1 

3 

3 

4 

2 

16 

0 

0 

1 

6 

3 

4 

2 

10 

2 

14 

4 

18 

1 

0 

3 

3 

0 

0 

49       0     0 


OUSE  VALLEY  VIADUCT. 
Plates  113,  113«,  114,  115,  and  116. 

Tliis  viaduct  is  built  over  the  valley  of  the  River  Ouse,  on  the  Lond 
and  Brighton  Railway,  at  a  distance  of  thirty-five  miles  from  London,  a 
about  a  mile  N.E.  of  the  town  of  Cuckfield. 

Tlic  viaduct  is  1437  feet  in  length,  and  is  supported  upon  thirty-sev 
nrphps.   pnch   M)  {pet  snan.     The   heifrht  from    the  water    tn    tha    cnrAi 
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of  rails  is  about  94  feet ;  the  parapet  is  5  feet  high,  and  the  height  from 
the  surface  of  rails  to  the  ground  is  at  the  north  abutment  42  feet,  and 
38  feet  at  the  south  one. 

Each  pier  has  two  courses  of  footings,  which,  taken  together,  are  3  feet 
6  inches  in  depth.  Where  the  height  of  the  pier  from  the  footings  to  the 
springing  of  the  arches  is  greater  than  48  feet,  it  is  carried  up  perpen- 
dicular to  this  height  of  48  feet  below  the  springing. 

Above  this  line  of  48  feet  below  the  springing,  the  piers  are  carried  with 
a  batter  on  each  side  of  1  in  48,  and  at  each  end  of  1  in  24.  The  thick- 
ness of  the  upright  part  of  the  pier  is  7  feet  6  inches,  and  above  this  is  an 
offset,  which  diminishes  the  thickness  to  7  feet.  The  length  of  tlie  pier 
at  this  offset  is  35  feet;  its  length  at  the  springing  is  31  feet,  and  its 
breadth  5  feet. 

Where  the  height  of  the  piers  is  less  than  48  feet,  as  in  the  case  of  the 
two  piers  shown  in  Plate  113,^  the  dimensions  of  the  base  are  proportion- 
ably  smaller  than  in  those  piers  which  exceed  48  feet  in  height.  It  is 
evident,  therefore,  that  the  length  at  base  of  any  pier  of  less  height  than 
48  feet  will  be  equal  to  32  feet  +  one-twelfth  of  its  height,  and  similarly 
its  breadth  will  be  equal  to  5  feet  +  one  twenty-fourth  of  its  height. 

The  piers  are  not  built  solid  throughout,  but  an  opening  10  feet  wide  is 
left  in  each  pier.  This  opening  has  a  semicircular  arch  at  the  top,  2  feet 
3  inches  thick,  and  a  semicircular  inverted  one  at  the  bottom,  as  shown 
by  fig.  2,  Plate  114,  and  the  height  of  the  opening  varies  according  to  that 
of  the  pier. 

Each  pier  is  built  with  a  small  opening  or  drain  4^  inches  square, 
which  descends  vertically  through  the  backing  of  the  arches,  nearly  to 
the  surface  of  the  ground,  where  it  is  turned  outwards  to  discharge  any 
water  which  may  occasionally  find  its  way  through  the  puddle  over  the 
arches. 

The  abutments  have  five  courses  of  footings,  the  bottom  course  being 
26  feet  in  ])readth,  and  the  upper  one  24  feet  above  the  footings;  the 
abutments  are  carried  to  the  springing  with  a  thickness  of  23  feet  G  inches. 
This  great  mass  of  brick-work  is,  however,  lightened  by  four  hollows, 
12  feet  long  and  5  feet  4  inches  wide,  with  semicircular  arches  at  top, 
springing  from  a  depth  of  12  feet  below  the  springing  line  of  the  main 
arches.  In  addition  to  these  large  openings  there  are  two  small  ones 
at  each  of  the  angles,  where  the  wing  walls  join  the  abutments.  The 
plan  of  the  small  openings,  as  well  as  of  the  large  ones,  is  seen  in 
Plate  115. 
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The  apringing  course  for  the  piers  and  abutments  is  formed  of 
bricks,  according  to  the  section  shown  on  a  large  scale  by^  fij 
Plate  116. 

The  wing  walls  are  founded  in  steps,  at  the  several  depths  shoi 
longitudinal  section,  Plate  113.  The  plan  in  Plate  115  shows  tt 
ness  at  the  base  of  the  several  lengths  of  the  wing  walls,  and 
Plate  113,  Mhows  how  these  walls  are  carried  up,  with  a  curve 
on  the  face,  and  in  vertical  lines  at  the  back,  the  thickness  <iimini 
offsets  at  the  several  levels,  shown  by  the  horizontal  liuea  across 
walls  in  the  longitudinal  section,  Plate  1 13. 

Tlic  pilasters  are  carried  up  perpendicular,  and  the  curved  I 
the  face  of  the  wing  walls  is  described  vith  a  radius  of  about  190  i 
The  arches  of  the  viaduct  are  all  semicircular,  with  a  span  of 
The  bricks  are  all  moulded  to  the  radius  of  13  feet;  the  exterior 
quoins,  being  separately  moulded  to  the  form  shown  in  fig.  14,  Ph 
The  arches  are  2  feet  3  inches  in  thickness  at  the  springing,  ai 
half-wny  between  the  springing  and  the  crown  of  tile  arch,  t 
reduces  the  tliickncss  to  18  inches. 

Tlie  filling  in  between  the  arches  is  carried  up  over  each  pie 
height  of  10  feet  above  the  springing,  and  then  finished  off  by  a 
dish,  with  a  chord  of  0  feet  6  inches,  and  a  versed  sine  of  1  foot. 

Tlie  backing  iif  the  end  arches  over  the  abutments,  to  a  hei| 
fiH't,  slopes  down  from  the  top  of  the  first  arch  to  a  height  of  abou 
nbdvc  the  spriii^'iTig  line,  as  shown  by  the  shaded  part  beneath  th' 
in  fig.  1,  Plate  113. 

At  this  point  of  10  feet  above  the  springing,  tlie  bounding  plai 
|)n<;kii)g  suddenly  changes  to  a  more  vertical  direction,  and  mi 
tup  of  the  abutment  about  13  feet  from  the  face.  Four  counter 
carried  up  in  continuation  of  the  upper  line  of  the  backing,  as  fi 
outside  of  the  abutments.  Tlie  plan  of  these  counterforts  is 
Plate  115;  the  openin<r  through  the  piers,  which  has  been  alreai 
tiuncd,  is  continued  to  the  top  of  the  filling  in ;  between  the  arches 
lop  of  the  ojiening,  just  in  the  dish,  or  lowest  part  of  the  curve, 
n  gratiiif,',  as  Khown  in  Plate  113. 

Four  interior  spandril  walls,  18  inches  in  thickness,  are  built  u 
backing  between  all  the  arches  to  the  height  of  6  feet  below  the 
of  the  rails.  These  interior  spandrils  are  built  parallel  with  the 
frails,  ill  such  a  ])osiiii)n  that  one  is  exactly  under  each  line 
These  are  about  3  feet  Q  inches  in  height  in  the  deepest  part,  an 
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17  feet  long,  and  the  spaces  between  these  are  arched  over  by  semi- 
circular arches,  thrown  from  one  to  the  other,  so  as  to  form  five  hollow 
spaces,  as  seen  from  fig.  4,  Plate  115.  These  small  relieving  arches  are 
9  inches  thick,  and  the  span  of  the  two  outside  ones  is  4  feet,  that  of  the 
two  next  ones  3  feet  6  inches,  and  of  the  centre  one  4  feet  6  inches ;  the 
crowns  of  these  arches  are  on  the  same  level  as  the  main  arches,  and  the 
space  between  each  of  these  small  arches  is  filled  up  solid,  so  as  to  form 
at  the  level  of  the  tops  of  all  the  arches  a  level  platform  for  the  whole 
length  and  breadth  of  the  bridge* 

On  the  top  of  this  levelled  platform  a  course  of  puddle  is  laid,  extending 
longitudinally  over  the  whole  of  the  arches  and  piers,  and  transversely 
the  whole  breadth  between  the  outside  spandril  walls. 

This  puddle,  which  is  2  feet  in  thickness  and  27  feet  wide,  is  continued 
beyond  the  first  arch,  at  each  extremity  of  the  viaduct,  in  a  sloping 
direction,  resting  immediately  upon  the  backing  of  the  abutments,  and 
upon  the  coimterforts  over  the  abutments,  which  have  been  already 
described:  see  fig.  1,  Plate  113. 

The  internal  spandril  walls  are  of  brick-work,  2  feet  6  inches  thick,  and 
are  carried  up  plain  to  the  under  side  of  the  cornice. 

The  cornice  projects  nearly  2  feet  from  the  face  of  the  arch,  and  dips 
about  1  inch  from  the  horizontal,  so  as  to  allow  the  water  to  run  off.  Its 
upper  part  projects  slightly  over  the  face,  and  the  under  side  is  throated 
to  the  depth  of  about  1^  inch  by  6  inches  wide :  see  fig.  12,  Plate  116. 

The  parapet  is  of  open  work,  with  a  recess  over  each  pier,  2  feet  deep, 
and  3  feet  wide  inside.  The  plinth  of  the  parapet,  or  that  part  from 
which  the  open  work  commences,  is  1  foot  6  inches  deep  and  the  same 
in  width. 

The  open  work  is  formed  of  a  series  of  small  semicircular  arches  1  foot 
wide,  resting  upon  piers  6  inches  wide  by  10  inches  long,  and  1  foot  6 
inches  high. 

The  coping  is  8  inches  deep  by  1  foot  6  inches  wide,  with  a  rounded 
top,  as  sliown  in  figs.  8  and  12,  Plate  116.  The  parapet  at  the  back  of 
the  recesses  over  the  piers  is  solid,  the  plinth  and  coping  being  the  same 
in  section  as  in  the  other  parts  of  the  parapet;  that  part  between  the 
coping  and  plinth  is  10  inches  thick,  and  the  side  walls  1  foot  6  inches 
wide. 

Figs.  8,  9,  10,  and  11,  in  Plate  116,  will  explain  the  form  of  the  canti- 
levers for  supporting  the  recesses.  These  cantilevers  are  of  cast  iron, 
with  top  and  bottom  plates,  which  are  built  into  the  brick-work  of  the 
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spandrils.  These  plates  are  bolted  together,  and  a  wrought  iron  tie-rod 
is  connected  transversely  from  one  cantilever  to  the  opposite  one :  see  the 
dotted  lines  in  fig.  8,  Plate  116.  The  bearing  part  of  each  cantilever  under 
the  cornice  of  the  recess  has  a  surface  oi  2  feet  9  inches  by  1  foot  6  indies 
wide. 

The  roofed  recesses  or  turrets,  shown  in  Plates  113^  114^  &nd  115,  are 
eight  in  number,  one  being  placed  over  the  extremity  of  each  wing  vail, 
and  one  over  each  abutment;  their  internal  area  is  6  feet  deep  by  10 fact 
wide;  they  are  supported  by  four  pilasters  and  three  mullions,  hiring 
semicircular  arches  bet\%'een,  three  at  the  back  of  the  turret,  each  2  feet 
3  inches  diameter,  and  one  at  each  side,  3  feet  3  inches  diameter. 

The  pilasters  are  2  feet  square  by  7  feet  6  inches  high,  surmonnted  h?  a 
capital,  1  foot  6  inches  high  ;  the  plan  of  the  mullion  is  that  of  a  square  of 
1  foot,  with  two  truncated  angles:  see  fig.  16,  Plate  116. 

The  form  and  construction  of  the  roof  for  these  turrets  is  developed  in 
Plate  113,  and  in  fig.  15,  Plate  116. 

The  whole  of  the  building,  up  to  the  height  of  the  under  side  of  the 
string  course,  or  cornice,  is  composed  of  brick-work. 

The  cornice,  parapet,  coping,  and  roofed  recesses,  are  built  with  Caen 
stone. 

The  railway  ballasting  is  laid  upon  the  course  of  puddle,  before  de- 
scribed, to  the  depth  of  about  1  foot  9  inches,  with  a  small  longitudinal 
drain  tube  placed  between  it  and  the  puddle.  The  width  of  railway 
between  the  parapets  is  28  feet  4  inches. 

The  rails  over  the  viaduct  are  laid  on  longitudinal  timbers,  framed  and 
scarfed  together ;  tlie  inclination  of  the  railway  is  at  this  place  20  feet  per 
mile,  falling  southwards. 

llie  viaduct  was  built  from  the  designs  and  under  the  superintendence 
of  John  Urpeth  Rastrick,  Esq*,  engineer-in-chief  to  the  Liondon  and 
Brighton  Railway ;  it  was  commenced  in  May,  1839,  the  trains  for  public 
traffic  passed  over  it  in  July,  1841,  and  the  whole  was  completely  finished 
in  May,  1842. 
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SWIVEL  BRIDGE,  WELLESLEY  LOCK  WORKS. 

Plates  117  and  118. 

These  Plates  contain  detailed  drawings  of  this  bridge;  it  is  formed 
of  two  leaves,  meeting  in  the  centre.  The  chord  of  the  arc  formed  by 
the  leaves  is  41  feet,  and  its  versed  sine  is  2  feet  3  inches;  the  width 
of  the  bridge  between  the  faces  of  the  outside  ribs  is  13  feet  6  inches. 

The  platforms  upon  which  are  laid  the  base  rings  of  the  bridge  are 
formed  of  closely-jointed  ashlar. 

A  plan  of  the  roller  frame  is  seen  in  Plate  117 ;  it  is  13  feet  4  inches  in 
diameter  from  out  to  out,  formed  of  flat  bar  iron  15  inches  wide,  with  six 
arms  meeting  in  the  centre,  also  of  flat  iron  7  inches  wide:  the  frame 
contains  eight  spaces  for  the  rollers;  these  are  of  cast  iron,  9  inches 
diameter,  bored  out  in  the  eyes  to  receive  the  turned  wrought  iron  axles, 
so  as  to  move  freely  on  them  without  shake.  Each  roller  is  in  the  form 
of  the  firustrum  of  a  cone,  4^  inches  deep,  the  apex  of  the  cone  being  the 
centre  of  the  frame. 

There  are  five  main  ribs  in  the  leaf;  these  are  3  feet  4  inches  apart 
from  centre  to  centre;  each  rib  is  cast  in  one  piece,  and  of  the  form 
shown  in  Plate  118.  The  ribs  are  bolted  down  upon  the  traverse  plates, 
and  are  connected  together  by  means  of  three  wrought  iron  ties  in  each 
leaf;  these  ties  are  2  inches  in  diameter,  6  feet  apart  from  centre  to 
centre,  and  firmly  secured  to  the  outside  ribs  by  nuts:  see  the  cross 
section,  Plate  118. 

The  back  plates  carry  the  toothed  circular  rack  for  giving  motion  to  the 
bridge.  The  horizontal  motion  is  derived  from  the  vertical  one  by  two 
mitre  wheels.  The  vertical  shaft  is  2  inches  square  and  6  feet  10  inches 
long.  The  horizontal  pinion  is  solid,  with  thirteen  teeth,  and  the  larger 
wheel  with  which  it  communicates  is  5  feet  in  diameter,  measuring  from 
the  noses  of  the  teeth.  This  wheel  has  eight  arms,  and  the  small  pinion 
attached  to  its  axle  is  composed  of  fifteen  teeth,  which  communicate 
directly  with  the  circular  rack  before  mentioned. 

The  girders  which  carry  the  road-way  are  6  inches  square,  2  feet  5 
inches  apart  from  centre  to  centre,  and  screwed  down  to  the  flanges  of  the 
ribs  by  bolts,  countersunk  at  the  upper  side  of  the  girders,  and  made  fast 
by  nuts  at  the  imder  side.  These  are  succeeded  by  the  sheeting  planks, 
which  are  3  inches  in  thickness,  extending  in  a  longitudinal  direction,  and 
spiked  to  the  girders. 
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The  form  and  dimensions  of  the  various  parts  composing  the  Tailiiig  ue 
very  clearly  shown  in  the  elevation  and  enlarged  parts  of  Plate  118. 


Particulars  of  castings  in  omt^half  of  swioel  bridge. 

torn.    cwt.  qr. 

Weight  of  ribs 

Upper  wheel  ...... 

Under    do.  ...... 

Two  side  frames      ...... 

Frames  for  road-way        ..... 

Wheels,  pinions,  segments,  plates,  posts,  shafts,  &c.    . 
End  plate        ....... 

Rollers  ....... 

Sundries  for  chipping  pieces,  dressing,  &c. 
Small  plate      ....... 
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SWIVEL  BRIDGE  ON  THE  NEWRY   CANAL. 

RT    ROBERT    MALLBTT,    B8Q.,    C.  B. 

Plates  119  and  120. 

Tliis  bridge  is  built  at  a  skew  angle  of  5  degrees  across  the  canal^  behind 
the  old  market-house,  at  the  town  of  Ncwry. 

The  distance  between  the  faces  of  the  abutments,  in  a  line  measured 
square  to  the  face,  is  30  feet  at  the  level  of  the  platform.  The  extreme 
length  of  each  abutment  is  G7  feet  6  inches,  and,  on  account  of  the  skew, 
tlie  western  abutment  stands  3  feet  9  inches  further  to  the  north  than  the 
eastern  one,  measuring  in  the  line  of  the  canal  from  a  line  passing  through 
the  centre  of  revolution  of  the  western  wing  of  the  bridge  to  the  cor- 
responding centre  of  the  eastern  wing.  The  outside  width  of  the  road-¥nf 
across  the  bridge  is  15  feet. 

The  approaches  at  each  end  of  the  bridge  have  an  inclination  of  about 
1  foot  perpendicular  to  15  feet  horizontal,  and  are  formed  of  material  laid 
in  courses,  rammed,  rolled,  and  overspread  with  a  coat  of  weU-broken 
whinstone,  G  inches  in  thickness,  which  is  again  covered  by  1  inch  in 
depth  of  good  binding  gravel. 

The  masonry  of  the  bridge  consists  of  two  principal  abutments,  one 
at  each  side  of  the  canal.     These  are  founded  upon  concrete,  backed  with 
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rubble^  and  built  of  hewn  ashlar^  the  top  courses  of  which  are  fitted  to  the 
swivel  bridge  castings. 

As  it  was  contemplated  at  a  future  period  to  deepen  the  existing  bed  of 
the  canal^  it  was  requisite  to  lay  the  foundations  of  the  abutments  at  such 
a  depth  as  to  permit  that  operation  to  be  safely  performed.  For  this 
purpose  the  ground  was  cleared  out  to  the  depth  of  about  7  feet  6  inches 
below  the  level  of  the  lowest  part  of  the  bottom  of  the  canal,  and  upon 
this  was  laid  a  bed  of  concrete^  3  feet  in  thickness,  composed  of  clean 
rounded  pebbles,  or  broken  limestone,  sharp  gravel,  and  pulverized  hot 
lime,  mixed  in  the  proportion  of  one  measure  of  lime,  four  of  pebbles,  and 
one  of  sharp  gravel. 

The  road-way  leading  to  each  end  of  the  bridge  is  defined  by  a  curb- 
stone of  good  hard  granite,  set  on  edge.  The  stones  are  6  inches  in  depth 
by  6  inches  wide,  and  about  2  feet  in  length.  The  space  between  these 
curbings  for  20  feet  back  from  the  heels  of  the  bridge  is  covered  by  a 
squared  stone  pavement,  coursed  across  the  road-way,  and  bedded  in  fine 
gravel.  The  stone  employed  is  good  hard  granite,  or  whinstone,  each 
being  about  4  inches  thick,  6  inches  deep,  and  8  inches  long,  and  all 
closely  jointed :  see  Plate  120. 

Each  abutment  is  bounded  in  front  by  an  exterior  retaining  wall  or 
quay,  the  line  of  which  is  parallel  with  the  direction  of  the  canal.  This 
exterior  wall  returns  into  the  bank  by  a  circular  sweep  of  13^  feet  radius 
at  the  level  of  the  top  courses.  The  face  of  the  wall  has  a  batter  of  f  of 
an  inch  to  the  foot,  and  the  first  four  courses  diminish  by  oflFsets  of 
4  inches  all  round. 

That  part  of  the  abutment  which  supports  the  base  rings  of  the  bridge 
consists  of  a  retaining  wall  at  the  back,  and  of  a  space  about  9  feet  in 
wddth^  filled  with  coursed  rubble.  The  retaining  wall  is  founded  at  the 
same  depth  and  upon  the  same  bed  of  concrete  as  the  front  wall,  and  the 
space  between  the  two  walls  is  built  solid  with  coursed  rubble,  as  shown 
in  the  section  through  AB,  in  Plate  120. 

The  ashlar  courses  in  the  abutment  walls  vary  from  12  inches  to  2  feet 
in  thickness ;  each  course  is  of  the  same  thickness  throughout,  properly 
jointed,  and  backed  up.  The  stones  of  the  ashlar-work  are  dressed  all 
over  on  the  under  bed,  and  for  18  inches  on  the  upper  bed;  the  vertical 
joints  for  8  inches,  and  the  rest  scabbled,  and,  as  well  as  the  rubble 
masonry,  set  flush  in  mortar,  made  of  well-burnt,  freshly-slaked  lime,  free 
from  ashes  or  clinkers,  and  clean  sharp  river  sand,  mixed  in  the  proportion 
of  three  measures  of  sand  to  one  of  lime.     The  lime  was  ground  in  a 
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mortar  mill,  and  not  allowed  to  lie  more  than  six  days  before  bcif 
used. 

The  rubble-work  is  grouted  with  fluid  mortar,  made  by  adding  inter 
to  the  mortar  used  for  the  ashlar-work* 

In  the  face  of  each  abutment  two  recesses  are  provided  for  the  receptut 
of  stop  gates.  Each  of  these  recesses,  or  grooves,  is  12  inches  wide  iloqg 
the  face  by  10  inches  deep  at  the  level  of  the  platform^  and  the  back  bot 
of  each  is  run  down  plumb,  so  that  the  depth  increases  in  proportion  to 
the  batter  of  the  wall. 

The  platforms  to  receive  the  base  rings  of  the  bridge  consist  of  a  coiine 
of  squared  closely-jointed  ashlar,  about  14  inches  in  thickness,  dressed 
on  the  upper  bed. 

The  lower  beds  and  vertical  joints  are  scabbled,  except  those  of  the  lap 
stones,  or  coping,  forming  the  curb,  or  edge  of  the  platform  over  the  qjm 
walls,  which  latter  stones  are  2  feet  in  thickness  for  the  breadth  of  the 
platform,  and  are  dressed  on  all  sides. 

The  breast  walls  at  the  heels  of  the  swivel  bridge,  and  along  the  land 
side  of  the  inclined  planes,  over  which  the  leaves  of  the  bridge  stand  when 
open,  are  also  of  squared  ashlar,  in  courses  of  from  9  to  12  inches  in 
thickness. 

The  foundation  of  these  walls  is  5  feet  below  the  level  of  the  platfomUb 
The  curve  of  the  breast  walls  is  accurately  formed  so  as  to  suit  the  sweep 
made  by  the  heel  of  the  swivel  bridge,  and  the  quoins^  where  they  meet 
the  face  of  the  quay  walls,  are  rounded  oS  to  a  radius  of  2  feet  on  the 
plan. 

Tlie  coping  all  round  the  circular  and  straight  retaining  walls  of  each 
abutment,  as  well  as  that  of  the  circular  breast  walls,  consists  of  a  course 
of  thorough  stones,  dressed  all  round,  about  16  inches  in  thickness  and 
3  feet  6  inches  wide,  with  their  front  arris  rounded  to  a  radius  of  3  inches. 

Recesses  for  the  gearing  to  move  the  swivel  bridge  are  formed  in  each 
breast  wall,  as  shown  in  the  plan  on  Plate  120. 

The  whole  surface  of  each  abutment  within  the  coping  is  laid  with  laige 
hewn,  close-jointed  pavement  of  well  squared  blocks  of  stone,  about 
6  inches  wide  by  9  inclies  long.  The  surface  of  this  pavement  has  an 
inclination  outwards  of  1  foot  in  40.  The  coping  of  the  breast  walls  forms 
the  termination  of  this  pavement  on  the  land  side :  the  dimensions  of  this 
coping,  which  extends  round  the  recesses  for  the  moving  gear,  have  been 
before  stated. 

The  fender  posts  fixed  in  this  coping,  and  corresponding  in  position 
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with  the  pedestals  of  cast  iron,  containing  the  moving  gear  in  each 
abutment,  are  of  the  best  and  soundest  granite;  an  elevation  of  one 
of  these  is  shovm  in  the  front  elevation  of  western  abutment  in  Plate  120. 

The  superstructure  of  the  bridge  consists  of  two  nearly  similar  leaves, 
or  parts;  the  span  of  the  arch  formed  by  these  when  closed  is  31  feet 

4  inches  on  the  chord,  and  its  versed  sine  is  4  feet  1^  inch,  the  radius  of 
the  circle  being  32  feet  4  inches. 

The  base  ring  of  each  abutment  is  11  inches  in  width  all  round,  11  feet 
2  inches  outside  diameter,  with  a  raised  rib  round  its  upper  surface,  at  the 
inner  edge.  This  ring  is  sunk  into  the  top  course  of  masonry,. so  that  its 
upper  surface  is  flush  with  the  surface  of  the  stone-work,  as  shown  in  the 
transverse  section  through  AB,  in  Plate  119. 

Upon  this  ring  rests  another  one,  called  the  abutment  ring.  This  latter 
is  a  hollow  casting,  with  vertical  ribs  at  every  12  inches,  connecting  the 
upper  and  lower  flanges.  The  abutment  ring  is  bedded  upon  the  bed  ring 
by  means  of  twenty-four  flat  wrought  iron  keys,  filed  and  fitted  to  their 
places,  and  resting  upon  properly  filed  key  beds  on  the  bed  and  abut- 
ment rings,  so  as  to  enable  the  latter  to  be  adjusted  as  to  level  at  any 
time :  twenty-four  other  short  keys  are  fitted  and  driven  vertically  between 
the  projecting  vertical  rib  of  the  bed  ring  and  the  inner  edge  of  the  base 
ring,  so  as  to  adjust  the  position  of  the  abutment  rings,  and  finally  to 
secure  them  in  their  proper  positions  in  the  horizontal  direction. 

The  abutment  ring,  as  well  as  all  the  other  rings,  is  cast  in  one  piece : 
see  general  plan  of  framing,  Plate  119. 

The  upper  and  lower  rings  are  similar,  each  being  a  ring  of  cast  iron  of 
10  feet  10  inches  diameter  from  out  to  out,  and  in  section  a  rectangle  of 

5  inches  wide  by  2^  inches  deep,  turned  smooth  and  true  in  a  lathe  on  the 
sides  bearing  against  the  rollers,  and  bolted  at  intervals  of  2  feet  to  the 
abutment  ring  and  to  the  upper  traverse  ring  respectively,  by  J-inch 
countersunk  bolts,  the  heads  of  which  are  filed  off  fair  with  the  face.  Each 
ring  is  fairly  and  uniformly  bedded  upon  the  abutment  and  traverse  rings 
on  the  seats  prepared  to  receive  them.  Each  leaf  rests  upon  twenty-four 
cast  iron  rollers  of  8  inches  diameter,  bored  out  in  the  eyes  to  receive 
turned  wrought  iron  axles  of  1^  inch  diameter.  Each  roller  is  provided 
with  a  raised  lip  or  flange  at  the  inner  edge,  formed  to  the  proper  curve. 

The  roller  frame  consists  of  an  inner  and  an  outer  ring  of  flat  bar  iron, 
having  a  space  between  them  when  placed  concentric  for  the  rollers, 
together  with  a  loose  washer  of  }  of  an  inch  thick  at  each  side ;  the  outer 
ring  is  3  inches  by  |  inch,  and  the  inner  one  3  inches  by  J  inch. 
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Tlie  nxlo  pins  of  the  rollers  pass  tfarongh  and  connect  both  iheae  rinss. 
and  are  jihiced  strictly  in  radial  lines  to  their  circumferencei,  P^'^o^ 
through  holes  elongated  in  their  vertical  diameters  by  iV  ^  ^'^  indi,  so  » 
to  allow  a  little  up  and  down  plar  for  the  roller  pins,  if  required.  Ead 
roller  pin  is  case-hardened,  having  a  sound  head  at  tbe  inner  end,  and  a 
oorresponding  washer,  and  pin  of  wrought  iron  passing  through  bod 
washer  and  pin,  and  riveted  over,  so  as  to  secure  the  pins  into  wni 
through  the  roller  frame.  Elach  roller  is  provided  with  an  oil  hole,  bored 
between  two  of  the  four  arms  into  the  eye. 

1*lic  upi>er  traverse  ring,  which  carries  the  upper  roller  ring  upon  its 
under  surface,  is  shown  in  the  general  plan  of  framings  Hate  119,  and 
is  provided  with  all  the  requisite  brackets,  jaws,  &c.,  to  receive  and  secoit 
the  main  ribs,  and  also  with  one  main  cross  rib,  passing  along  its  diameter, 
and  having  a  broad  eye  in  its  centre  to  receive  the  main  centre  pin,  round 
which  the  leaf  revolves. 

Concentric  with  the  roller  rings,  and  sunk  1|  inch  into  the  top  course  of 
the  masonry  of  the  platform,  is  placed  a  cast  iron  cnrosfs  of  four  amU) 
currying  the  main  centre  pin  of  wrought  iron,  4^  inches  in  diameter. 

The  pin  is  fitted  to  it  by  boring  and  turning,  and  keyed  into  the  cross, 
which  is  bored  in  a  slightly  tapering  form  to  receive  it,  and  was  heated 
before  the  pin  was  driven  in  and  keyed.  The  cross  is  efTectnally  secured 
down  to  the  upper  courses  of  the  masonry  of  the  platform  by  four  l|-indi 
round  bolts  of  wrouglit  iron,  leaded  into  jumped  holes,  and  provided  with 
large  cast  iron  washers  below  the  stones  of  the  course,  and  carrying  hexa- 
gonal nuts  u1)ovc. 

The  centre  pin  projects  up  through  the  traverse  ring,  and  secures  it 
down  l)y  means  of  a  large  turned  and  bored  cast  iron  washer,  cottered  by 
a  doul)le  cotter  through  the  pin.  A  space  or  freedom  of  4  inch  is  left 
between  the  upper  surface  of  the  traverse  frame  and  the  under  side  of  the 
wushor ;  the  eye  of  the  traverse  frame,  as  already  stated,  being  bored  to 
receive  the  centre  pin,  and  leave  a  space  of  -J^  of  an  inch  all  round. 

The  bridge  consists  of  four  main  ribs  in  each  leaf;  the  two  inner  ones 
are  5  feet  njnirt  from  centre  to  centre,  and  from  these  to  each  of  the  outer 
ones  the  ilistunee  is  2  feet  6  inches  from  centre  to  centre.  The  ribs  are 
shown  in  section  in  the  transverse  section  through  CD,  Plate  119,  and  the 
elevation  of  one  of  the  exterior  ribs  is  also  given  in  the  same  Plate. 

Va\v\\  rib  is  east  in  one  piece,  with  the  requisite  lugs,  jaws,  flanges,  bolt 
holes,  iSte,  The  ribs  are  bolted  do^Ti  upon  the  traverse  ring  with  i-inch 
in>n  bolts,  and  all  the  joints  are  well  fitted  and  bedded. 
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The  two  inner  ribs  are  connected  together  by  means  of  a  diagonal 
frame^  through  the  upper  and  lower  parts  of  which  are  passed  cross 
tie-bolts  of  1-J-  inch  diameter^  of  wrought  iron,  which  bolts  also  pass 
through  distance  pipes,  connecting  the  inner  with  the  outer  ribs:  see 
transverse  section  through  C  D,  and  general  plan  of  framing,  Plate  119. 
The  ribs  are  further  strengthened  and  secured  by  five  sets  of  distance 
pipes ;  these  are  also  shown  in  the  Plate  last  referred  to,  and  are  attached 
to  the  ribs  by  means  of  flanges ;  and  cross  tie-bolts  pass  through  them,  of 
the  same  dimensions  as  those  described  above. 

The  lower  parts  of  all  the  four  ribs  at  the  springing  of  the  arch  are 
secured  together  by  the  abutment  plate,  which  is  cast  truly  to  the  curv^e  of 
revolution  described  by  the  radius  of  the  arch  at  the  abutting  front  where 
the  leaf  revolves.  It  is  bedded  firmly  and  solidly  upon  the  abutment 
pieces  or  blocks  attached  to  the  abutment  ring,  as  before  described,  when 
the  bridge  is  closed.  The  leaf  when  closed  abuts  against  five  of  these 
blocks,  and  when  fully  open  it  abuts  against  two  only. 

The  abutment  plate  is  cast  in  one  piece,  and  is  provided  with  suit- 
able flanges  to  receive  and  secure  it  to  those  of  the  ribs  by  l-J--inch 
bolts. 

The  outer  ribs  are  provided  with  dovetailed  recesses  at  distances  of 
about  4  feet,  into  which  are  fitted,  by  chipping  and  filing,  cast  iron 
brackets,  which  carry  the  outer  ends  of  the  road-way  planking.  The 
outer  extremities  of  the  brackets  are  connected  together  by  fascia  plates 
(see  transverse  sections  through  AB  and  CD),  having  a  rabbate  at  the 
upper  side  to  receive  and  defend  the  ends  of  the  planking,  and  neatly 
moulded  at  the  lower  edges.  The  uprights  of  the  railing  pass  through 
both  the  brackets  and  the  horizontal  flanges  of  the  fascia  plates,  so  as  to 
secure  them  together  by  nuts  and  screws,  into  which  the  extremities  of 
the  uprights  are  formed. 

An  elevation  of  the  meeting  plate  is  given  in  Plate  119.  It  is  cast  in 
two  parts,  each  with  butt  joints  in  the  middle ;  one  half  of  the  meeting 
plate  is  straight,  and  at  right  angles  to  the  centre  line  of  the  bridge,  and 
the  other  half  is  swept  to  a  circle  of  22  feet  6  inches  radius,  the  centre 
being  that  upon  which  the  bridge  turns ;  the  curved  part  of  the  meeting 
plate  for  the  western  abutment  is  convex,  the  corresponding  part  of  the 
eastern  one  being  concave.  A  freedom  of  ^  of  an  inch  is  left  between 
both  meeting  plates  when  closed,  except  at  seven  equidistant  points, 
where  chipping  strips  of  1^  inch  wide  are  filed  and  bedded  so  as  to  abut 
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The  back  plate  is  represented  in  Plate  119;  it  is  cast  in  two  jiten, 
with  a  butt  joint  in  the  middle ;  it  is  accurately  swept  to  a  radioB  of  10 
feet  G  inches,  the  centre  being  the  point  upon  which  the  bridge  lerolfai 
The  back  plate  is  secured  to  and  connects  the  back  ends  of  the  mam  rihi 
by  I -inch  bolts  and  nuts,  passing  through  the  flanges  formed  upon  Ae 
latter  to  receive  them.  The  outer  ends  of  the  back  plates  are  cast  wepk- 
rately,  and  carry  the  extremities  of  the  fascia  plates  and  of  the  road-vif 
planking,  being  further  supported  and  secured  by  two  diagonal  t^btp 
abutting  against  the  outer  ribs.  The  lower  edge  of  the  back  plates,  as 
well  as  the  adjacent  parts  of  the  main  ribs  at  their  under  edges,  are  fur- 
nished with  a  flange  all  round,  to  support  perforated  plates  of  cast  iron 
-J-  of  an  inch  thick,  and  bolted  to  them  with  }-inch  bolts  and  nuts,  and 
intended  to  carry  the  ballast  required  for  balancing  the  bridge. 

The  ballast  consists  of  heavy  blocks  of  squared  and  chisseled  granite 
stone. 

At  their  upper  edges,  below  the  level  of  the  fascia  plates^  the  back  platB 
carry  the  large  toothed  circular  racks  for  giving  motion  to  the  bridge;  the 
breadth  of  the  rack  is  3^  inches  and  the  pitch  2  inches:  the  curve  is 
formed  to  a  radius  of  10  feet  G  inches,  measuring  to  the  noses  of  the 
teeth,  the  centre  being  the  centre  of  motion,  and  the  length  of  the  chord  is 
17  feet.  The  rack  is  cast  in  four  lengths,  and  fitted,  by  chipping  and 
filing,  upon  proper  strips  to  the  back  plate,  and  secured  by  f -inch  counter- 
sunk bolts  and  nuts. 

The  road-way  consists  of  two  thicknesses  of  planking,  the  lower  one 
being  a  layer  of  2\  inches  in  thickness  of  British  oak,  laid  diagonally,  and 
secured  by  J-inch  countersunk  bolts  and  nuts  to  the  upper  flanges  of  the 
main  ribs,  fascia  plates,  back  plates,  and  meeting  plates.  Elach  plank  is  in 
one  length  across,  and  about  9  inches  wide,  planed  all  over,  shot  straight 
on  the  edges,  and  free  from  all  defects. 

The  joints  were  all  caulked  with  oakum,  in  the  usual  way,  when  the 
planks  were  bolted  down. 

The  cast  iron  wheel  strike,  or  curb,  which  separates  the  foot-paths  from 
the  carriage-way,  is  bolted  down  along  the  edges  of  the  carriage-way  upon 
the  oak  planking  by  |-inch  bolts  and  nuts  with  countersunk  heads  above, 
at  2  feet  distance.  The  curb  is  cast  in  lengths  of  about  8  feet,  and  is 
slio\ni  in  section  in  tlie  transverse  sections,  Plate  119.  They  are  placed 
in  parallel  lines,  10  feet  apart,  measured  across  the  road-way. 

The  whole  space  between  the  curbs,  for  the  length  and  breadth  of  the 
bridge,  is  covered  over  with  a  layer  of  thick  brown  paper,  saturated  in 
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boiled  coal  tar,  which  was  laid  upon  the  oak  plank  whilst  the  coal  tar  was 
warm ;  the  paper  was  spread  smoothly,  and  overlapped  about  1  inch  at  the 
joints,  the  oak  plank  having  previously  received  a  coat  of  coal  tar  at 
boiling  temperature.  The  second  layer  of  planking  was  laid  over  this,  and 
spiked  down  to  the  oak  planking ;  this  planking  is  of  sound  elm,  free  from 
sap  or  defects,  in  planks  about  9  inches  wide  by  2^  inches  thick,  laid  at 
right  angles  to  the  line  of  the  bridge,  planed  all  over,  shot  straight  upon  the 
edges,  and  well  fitted  at  the  ends  to  the  cast  iron  curbs.  It  is  spiked 
down  to  the  oak  planks  with  rose-headed  spikes  of  5  inches  extreme 
length,  driven  in  alternately  at  18  inches  apart,  within  2  inches  of  the 
edge  of  the  curb  plank,  into  holes  properly  bored  to  receive  them. 

The  nosing  plate  is  of  wrought  iron  3  inches  wide  by  ^  inch  thick,  and 
is  let  flush  into  the  plank  across  the  whole  breadth  of  the  bridge,  over  the 
back  plates  and  meeting  plates,  to  protect  the  arris  of  the  planking,  and  is 
secured  down  by  ^inch  countersunk  bolts  and  nuts.  A  corresponding 
plate  of  cast  iron,  15  inches  wide,  is  let  in  flush  upon  the  top  course  of 
stone  of  each  breast  wall  at  the  heel  of  the  bridge,  to  protect  the  arris  of 
the  masonry.  It  is  swept  to  the  proper  curve,  and  roughed  upon  the 
upper  side  to  prevent  the  slipping  of  animals.  It  is  leaded  into  the  stone, 
and  further  secured  by  ten  rag  bolts,  with  sunk  nuts,  also  leaded  into  the 
stone  in  holes  jumped  to  receive  them. 

One  extremity  of  the  locking  plate  is  hinged,  and  formed  with  a  copper 
padlock  in  each  wing;  the  padlock  is  secured  to  the  staple  by  12  inches  of 
chain,  and  is  provided  with  duplicate  keys,  so  as  to  prevent  the  bridge 
from  being  opened  at  any  time  without  authority. 

The  railing  is  of  wrought  iron;  the  upright  bars,  secured  as  already 
described,  are  of  flat  iron,  alternately  2  inches  by  1-J^  inch  and  2  inches  by 
3  inch;  through  these  uprights  pass  three  bars  of  |-inch  round  iron, 
running  parallel  the  whole  length  in  one  piece,  and  having  a  screw  with  a 
projecting  thread  at  the  intersection  with  each  upright,  by  which  they  are 
firmly  secured  to  the  same  by  two  nuts.  A  pair  of  diagonal  bars  of  flat 
iron,  2  inches  by  J  inch,  is  also  fixed  at  each  end  of  the  railing,  and 
through  these  the  horizontal  bars  are  also  passed,  and  the  diagonals 
are  secured  at  their  extremities  to  the  uprights  by  nuts,  in  the  manner 
described  for  the  horizontal  bars. 

The  whole  line  of  railing  is  fair,  straight,  and  upright. 

The  revolving  gear  consists  of  a  pinion  of  10  inches  diameter  and  2  inches 
pitch,  working  into  the  toothed  rack  upon  the  back  plate ;  at  the  bottom 
of  the   same   vertical   shaft  of  wrought  iron,  3  inches   diameter  at  the 
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smallest  part,  is  a  spur  wheel  of  5  feet  diameter,  |  inch  wide  on  the  tooth, 
and  1 1  inch  pitch ;  the  latter  works  a  pinion  of  8  inches  diameter  fixed  aft 
the  bottom  of  a  vertical  shaft  of  wrought  iron  2-2-  inches  in  diameter  at  the 
smallest  part,  and  carrying  at  its  upper  end  a  crown  or  bevel  wheel  of  18 
inches  in  diameter,  which  again  works  into  another  bevel  pinion  of  4^ 
inches  diameter,  placed  upon  a  short  horizontal  shaft,  one  end  of  which  is 
provided  with  a  square  to  receive  a  moveable  wrought  iron  winch  handk, 
the  radius  of  which  is  IG  inches.  This  arrangement  is  sbown  very  clearir 
in  an  enlarged  view,  in  Plate  119. 

Tlie  gear  pedestals  are  cast  hollow,  of  a  cylindrical  form.  The  cap, 
which  is  dish-shaped,  is  cast  separate,  so  as  to  lift  off,  and  is  secured  by 
four  lugs  inside  and  |-inch  countersunk  bolts.  The  pedestal  stands  upon 
a  bed  plate  of  cast  iron,  and  the  several  shafts  are  sustained  in  bearings 
provided  vrith  brasses;  they  are  turned  true,  and  secured  by  bolts  and 
nuts. 

All  the  wheels  and  pinions  have  bored  eyes,  and  are  keyed  upon  turned 
shoulders,  with  proper  projections  upon  the  shafts.  The  lower  ends  of 
the  vertical  shafts  rest  in  hard  brass  foot-steps,  let  into  a  cast  iron  foot- 
box,  sunk,  and  leaded  into  the  stone-work.  The  bed  plate  of  the  pedestal 
is  sunk  flush  into  the  top  courses  of  the  breast  walls,  and  leaded,  and 
further  secured  by  seven  ^inch  rag  bolts  with  sunk  nuts^  leaded  into  holes 
jumped  to  receive  them. 

Two  cast  iron  spuds  or  stops  are  provided,  one  for  each  wing,  and 
leaded  into  the  stone  of  the  platform,  and  further  secured  with  three 
1-inch  rag  bolts,  leaded  into  the  stone  and  placed  to  receive  the  under 
part  of  the  outer  rib  near  the  abutment  plate  when  the  bridge  is  opened, 
to  prevent  its  being  overturned. 

The  whole  of  the  upper  surface  of  the  road-way,  when  completed,  wbs 
payed  over  with  two  coats  of  boiling-hot  coal  tar,  which  had  been  for  some 
hours  boiled,  with  finely-pulverized  quicklime,  in  the  proportion  of  one 
pound  of  lime  to  a  gallon  of  tar;  and  as  soon  as  this  coat  was  laid  on,  it 
was  sifted  over  with  fine  dry  sharp  sand,  over  which,  when  dry  and  the 
su])crfluous  sand  had  been  removed,  the  second  coat  was  laid  on  in  a 
similar  manner. 

1'he  under  side  of  the  road-way  plank  was  painted  with  three  coats  of 
coal  tfir,  boiled  as  above  described,  and  having  the  addition  of  four  ounces 
of  r(*(l  lead  to  each  gallon  of  tar. 

The  wliole  of  the  iron-work  of  the  bridge,  in  every  part,  received  three 
MHitN  of  good  oil  paint,  the  last  coat  being  of  a  light  lead  colour. 
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All  the  castings  of  the  bridge  are  of  bright  gray  iron^  sound  and  free 
from  defect,  cast  straight,  fair,  and  out  of  winding. 

The  wrought  iron  is  of  the  best  English  bar  iron,  or  scarfed  iron,  and 
the  forging  free  from  defects,  and  the  nuts  in  every  part  of  the  bridge  are 
hexagonal. 

The  cost  of  this  bridge  was  £2238. 


ONE  OF  THE  WIRE  BRIDGES  OVER  THE  FOSSE  AT  GENEVA. 

Plate  121. 

This  is  a  suspension  bridge  with  two  equal  openings,  each  of  132^  feet, 
erected  by  Colonel  Dufour,  a  French  engineer.  The  platform  of  the 
bridge  is  about  300  feet  in  length  from  end  to  end,  and  being  only 
intended  for  foot  passengers,  is  no  more  than  7i  feet  in  width. 

The  main  suspension  cables  of  this  bridge  are  four  in  number,  namely, 
two  on  each  side  of  the  platform.  They  are  placed  one  over  the  other, 
about  12  inches  apart,  and  are  composed  of  wires  ~j  of  an  inch  in  diameter, 
laid  parallel  and  close  together,  and  bound  round  by  spiral  wire.  The 
upper  cables  are  1  inch  in  diameter,  and  the  lower  1  inch  and  ^.  The 
position  of  the  upper  and  lower  cables,  and  the  form  and  dimensions  of 
one  of  the  radiating  suspenders  connecting  the  two  cables  together,  will  be 
clearly  seen  from  one  of  the  figures  in  the  Plate,  where  these  details  are 
shown  on  a  scale  of  one-third  the  full  size.  Each  of  the  abutments,  as 
well  as  the  pier  in  the  centre,  is  built  of  masonry,  with  an  arch  over  the 
platform  of  the  bridge.  It  will  be  observed  from  the  elevation  that  at 
one  end  of  the  bridge,  where  the  toll-house  is  erected,  the  abutment  is 
much  more  massive  than  at  the  other  end.  The  toll-house  is  at  that  end 
of  the  bridge  which  adjoins  the  town,  and  the  abutment  here  is  made  of 
much  larger  size  than  the  other,  on  account  of  the  method  in  which  the 
cables  are  terminated  by  upright  back  stays  instead  of  sloping  stays,  as  at 
the  other  end.  The  upright  back  stays  are  fixed  close  against  the  back  of  the 
abutment.  They  are  four  in  number,  namely,  one  to  each  cable,  and  are 
made  of  wrought  iron  1 J  inch  square.  Their  lower  extremities  are  carried 
about  5  feet  into  the  ground  and  strongly  secured  to  horizontal  iron 
beams,  laid  edgeways  in  the  foundation  of  the  abutment.  One  of  the 
small  figures  in  the  Plate  shows  the  connexion  of  a  cable  with  one  of  the 
upright  back  stays.  As  the  abutment  at  this  end  of  the  bridge  has  to 
withstand  the  whole  drag  and  weight  which  at  the  other  end  is  partly 
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tmnaforrcd  to  the  mooring  masonry  of  the  bade  stays,  the  reason  for 
making  it  much  stronger  and  more  massive  than  the  other  abatmol 
x^'itt  ap|>o.ir  sufliciontly  evident.  The  abutment  at  the  toU-honse  end  of 
the  hridi^x'  not  only  has  to  support  the  weight  of  the  chains  passing  oicr 
itTc  An'h.  hut  is  itself  the  mooring  anchor  which  has  to  resist  the  wiiok 
dnu  «1(i('  to  the  weight  and  deflection  of  the  cables.  At  the  other  end 
«M  ihc  hriilgo,  the  cables,  after  passing  through  the  masonry  over  the  aitk 
^\(  \\w  nhutnicnt,  take  a  sloping  direction  for  about  5  feet,  and  are  dm 
v,r,:<o«i  by  cou])ling  links  to  the  iron  back  stays,  which  are  each  l\  indi 
^x\Art\  and  are  continued  to  the  surface  of  the  ground  and  several  Cect 
K'Unv  it,  in  the  same  sloping  direction.  The  form  of  the  coupling  linb 
Au  J  of  the  loops  in  the  cables  where  they  are  attached  to  the  sloping  bick 
5tnYs,  is  shown  by  one  of  the  figures  in  the  Plate.  The  other  coupling 
hnks,  shown  in  the  Plate  where  two  parts  of  the  cable  were  united,  are 
those  wliicih  were  used  over  the  middle  pier. 

The  vertical  suspending  rods  which  connect  the  platform  of  the  bridge 
with  the  lower  cables  are  of  ^-inch  round  iron;  they  are  attached  to  the 
lower  ral>le  at  the  extremity  of  each  radiating  suspender  between  the  two 
stirrups  of  the  latter,  as  shown  in  the  Plate.  A  circular-headed  stnKp 
encircles  the  lower  cable  at  the  junction  of  each  suspending  rod,  and  is 
lixed  to  the  latter  by  a  nut  and  screw  bolt,  as  shown  by  the  enlaiged 
s(M*tion  in  tlie  Plate.  '^The  lower  extremities  of  the  suspending  rods  pass 
through  the  tnuisverse  bearers  which  support  the  platform,  and  are  secured 
below  by  a  nut  which  is  screwed  on  at  the  under  side  of  an  iron  plate. 
Longitudinal  joists  rest  u])on  these  transverse  bearers,  and  are  covered  by 
transverse  (Jose  planking  which  forms  the  surface  of  the  platform.  The 
standards  for  the  iron  railing  are  bolted  through  the  outside  joists,  through 
the  transverse  hearers,  and  also  through  a  side  rail  below  the  latter.  Hiis 
side  mil  is  (>^  inches  deep  by  4^  ^\dde,  and  serves  to  give  additional  stiff- 
ness to  the  fnuning  of  the  platform.  The  details  of  the  outside  timber- 
work  of  the  i)latforiu  and  of  the  iron  railing  are  clearly  shown  by  the 
sketrhes  in  the  Plate.  Helow  the  platform  is  a  series  of  diagonal  ties  of 
wnuiiiiit  inm  ;  of  an  inch  in  diameter,  arranged  in  a  polygonal  form,  and 
I'onnoetin^  the  })latform  of  the  bridge  with  a  lower  part  of  the  pier  and 
ahntnuMits,  as  seen  in  the  elevation. 

This  hridjje,  in  eoiunion  with  the  other  erected  by  Colonel  Dufour  at 
(Jenova,  ditVers  in  several  important  particulars  from  the  wire  bridge  at 
Knboxnu:,  whieh  is  the  work  of  M.  Chaley,  also  a  French  engineer.  In 
the  (lonovn  bridges,  the  suspension  rods  are  round  bars  of  iron  instead  of 
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being  mere  cords  of  wire,  as  at  Fribourg.  The  suspension  cables  are  also 
differently  disposed,  being  suspended  at  Geneva  one  over  the  other  instead 
of  being  united  into  one  main  cable,  as  in  the  Fribourg  bridge.  It  is 
generally  understood,  however,  that  the  French  engineers,  who  have  had 
more  experience  than  any  others  in  the  construction  of  wire  bridges, 
,do  not  approve  the  practice  of  placing  the  cables  over  each  other.  The 
principal  objection  alleged  against  this  practice  is  the  imequal  expansion 
of  the  two  cables  when  the  sun  is  in  the  plane  of  the  two,  that  is,  in  such 
a  position  as  to  be  shining  full  upon  one  while  the  other  is  completely  in 
shade.  Under  these  circumstances,  it  is  said  that  the  upper  cable  is 
dilated  much  more  than  the  other,  and  that  this  occasions  a  lowering  and 
slackening  of  the  upper  cable,  which  throws  all  the  weight  of  the  bridge 
upon  the  lower  one. 

In  fabricating  the  cables  of  his  bridges  at  Geneva,  Colonel  Dufour  was 
extremely  particular  in  arranging  the  wires  with  perfect  parallelism,  so  that 
no  jamming  or  twisting  of  the  wires  together  should  afterwards  take  place. 
He  observes,  in  his  Memoir  on  the  Suspension  Bridges  at  Geneva,  that  he 
had  never  seen  in  France  any  wire  cables  at  all  comparable  to  those  which 
he  himself  employed.  The  threads,  he  says,  are  commonly  ill-arranged, 
and  are  consequently  subject  to  great  inequality  of  tension,  and  numerous 
vacuities  are  left  through  which  water  penetrates  into  the  interior  of  the 
cable.  In  order  to  avoid  these  inconveniences,  Colonel  Dufour  employed 
sheets  or  frames  of  metal,  perforated  with  a  number  of  small  openings 
through  which  the  wires  were  passed.  A  frame  of  this  kind  is  fixed 
at  each  extremity  of  the  cable,  and  a  third  one  is  moveable  backwards 
and  forwards  into  any  required  position,  so  as  to  keep  the  whole  of 
the  wires  separate  and  parallel  up  to  the  time  when  they  are  to  be  bound 
together  with  a  coil  of  spiral  wire. 

Some  of  the  French  engineers  disapprove  of  the  method  of  disconnected 
ligatures  which  have  been  adopted  for  binding  the  threads  of  the  cable 
together  in  both  the  suspension  bridges  described  in  this  work.  It  has 
been  observed,  when  the  ligatures  are  several  feet  apart,  as  in  the  Fribourg 
bridge,  and  even  where  the  ligature  is  a  spiral  envelope  with  coils  not 
more  than  an  inch  apart,  as  in  the  cables  of  the  Geneva  bridges,  that  the 
wires,  being  acted  upon  by  variations  of  temperature  and  other  causes,  do 
not  continue  in  such  a  perfectly  close  and  parallel  condition  as  to  prevent 
moisture  from  penetrating  between  them.  To  remedy  this  defect,  M.  Vicat 
has  proposed  to  envelope  the  cables  with  thin  metallic  tubes ;  and  some 
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oiturr  cn^ncers  are  of  opinion  that  a  close  and  oontiniioiis  spiral  enrdopt 
would  be  preferable  to  any  other  contriTanoe.  M.  Boadaat,  ciTil  coginccr, 
the  author  of  an  able  article  on  Suspension  Bridges  in  the  ReToe  Gcooik 
de  TArchitecture,  mentions  a  wire  cable  upwards  of  260  feet  in  kngtli, 
whicli  Ih  entirely  enveloped  by  a  close  continuous  spiral  cuveriiig,  so  per- 
ferrtly  (executed  us  entirely  to  prevent  the  penetration  of  water.  This  oik, 
Ih  employed  for  the  fcrry-tK>at  at  Chatillon  sor  la  Lone,  and  has  the  appor- 
iince  of  a  long  cylindrical  rod  with  the  flexibility  of  a  hempen  rope. 
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Plate  122. 

Ill  a  fornuT  pnrt  of  this  work  (Plates  2,  Sy  and  4),  will  be  found  drawings 
of  Mr/fowirs  liitti(*c  bridge,  cind  the  design  now  before  us  is  intended 
Co  show  the  construction  of  another  kind  of  timber-firame  bridge  which 
has  been  extensively  adopted  in  America,  and  is  known  under  the  name 
of  liOiig's  Frame  Bridge. 

It  will  be  observed  that  this  design  differs  from  Mr.  Town*8  principle  in 
having  a  smaller  number  of  diagonal  braces,  their  place  being  supplied  bj 
vertical  wrought  iron  ties. 

The  bridge,  from  which  is  taken  this  example  of  Long's  framing,  consists 
of  seven  equal  openings  of  180  feet,  measuring  from  centre  to  centre 
of  the  j)icrs.  Piling  is  driven  under  each  of  the  piers,  and  their  foun- 
dations are  protected  by  mounds  of  rubble  thro\\Ti  in  round  the  footings. 

Tiie  bottom  string  course  in  this  bridge  is  a  beam  built  of  six  planks, 
each  a  foot  in  depth,  four  of  them  being  5  inches  in  breadth,  and  the 
two  outside  planks  each  4  inches.  When  these  planks  are  put  together 
they  form  a  beam  12  inches  in  depth  by  28  in  breadth.  The  planks  arc 
bolted  together  by  screw  bolts,  placed  about  2  feet  apart,  and  alternately 
near  the  top  and  bottom  of  the  beam,  as  shown  in  the  vertical  section. 
Slu>rt  transverse  blocks  of  wood,  of  a  triangular  shape,  are  let  into  this 
bottom  string  to  the  depth  of  about  1  inch,  and  into  the  sides  of  these 
bK)rks  are  mortised  the  ends  of  the  diagonal  braces,  as  also  shown  in 
llio  vortieal  section.  These  diagonal  braces  abut  against  similar  blocks 
\\\\\c\\  are  let  into  the  top  string  beam.  Tlie  top  string  consists  of  three 
lines  of  S-ineh  square  timber  placed  with  a  small  space  between  each,  so 
(^N  to  make  the  whole  breadth  of  the  beam  28  inches,  the  same  as  that  of 
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the  lower  string.  The  pieces  composing  this  beam  are  bolted  together  at 
intervals  of  7  feet. 

All  the  braces  are  8  inches  square.  The  nmnber  of  braces  abutting  on 
each  block  both  at  the  top  and  bottom  string  com*se  is  always  three^  namely^ 
two  on  one  side  and  one  on  the  other,  as  shown  on  the  plan  of  bottom 
string.  Along  the  top  string  beam  are  fixed  short  cross  pieces  5  inches  by 
7  inches,  one  above  each  of  the  abutting  blocks  before  mentioned.  These 
cross  pieces  receive  the  tops  of  the  vertical  ties,  which  pass  entirely 
through  the  framing  from  top  to  bottom,  and  are  secured  above  the  top 
string  and  below  the  bottom  one  by  screw  bolts  and  nuts.  Similar  cross 
pieces  below  the  lower  string  receive  the  extremities  of  the  vertical  ties. 
Two  of  these  vertical  ties  pass  through  each  of  the  abutting  blocks,  so  that 
for  the  two  sides  of  the  bridge  there  are  four  vertical  ties  in  each  length 
of  7  feet. 

The  frames  are  connected  at  the  top  by  cross  beams,  and  the  lateral 
stiffness  of  the  bridge  is  further  increased  by  wrought  iron  ties  at  each  of 
the  piers,  carried  into  the  masonry  at  some  depth  below  the  platform  of 
the  road-way.  The  longitudinal  sleepers  for  the  railway,  which  has  only  a 
single  track  over  this  bridge,  are  laid  upon  transverse  beams  which  rest 
upon  the  bottom  string  pieces,  and  are  placed  one  on  each  side  of  each 
of  the  abutting  blocks  throughout  the  whole  length  of  the  bridge.  The 
platform  is  further  strengthened  by  diagonal  horizontal  beams  framed 
between  the  bottom  strings,  as  shown  in  the  general  plan. 

The  kind  of  frame  bridge  here  described  possesses,  in  common  wdth 
Town^s  lattice  bridge,  the  advantage  of  great  stiffness  and  strength  at  an 
expense  of  a  comparatively  small  quantity  of  materials.  Neither  bridge 
exerts  any  lateral  thrust  against  the  piers  or  abutments,  and  each  presents 
about  equal  facilities  for  repairing  and  restoring,  without  injury  to  the  rest 
of  the  structure,  any  separate  part  which  may  ever  be  decayed  or  injured. 

Mr.  David  Stevenson  states*  that  the  white  pine  {pinus  strobus),  which 
grows  in  great  abundance  and  perfection  in  the  United  States,  is  generally 
considered  best  suited  for  the  construction  of  frame  bridges.  The  pre- 
ference is  given  to  this  timber  on  account  of  its  lightness  and  rigidity,  and 
also  because  it  is  found  less  liable  to  warp  or  cast  on  exposure  to  the 
atmosphere  than  most  other  timber  of  that  country. 

*  Notice  relative  to  Long's  American  Frame  Bridge. — Edinburgh  New  Philos.  Journal,  April, 
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over  the  valley  of  the  River  Wear,  on  the  line  of  the  Durham  Junction 

Railway,  called  Victoria  Bridge,  Plate  43. 

over  the  Tyne,  at  Scotswood,  Newcastle  and  Carlisle  Railway,  Plates  48 — 50. 

over  the  Eden,  at  Carlisle,  Plates  51,  52,  52*. 

erected  over  the  Thames  at  Staines,  Plate  53. 

at  Limerick,  called  Wellesley  Bridge,  Plates  54,  55. 

of  Jena,  at  Paris,  Plates  56,  57. 

over  the  Serchio,  near  Lucca,  Italy,  called  the  Devil's  Bridge,  Plate  58. 

•— ^—  across  the  Forth,  at  Stirling,  Plates  59  and  60. 
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Bridge  over  the  Ad(U  at  Trezzo,  Milan,  of  251  feet  ipui,  PUte  71. 

at  Ely,  near  the  cathedral.  Plates  72—75. 

over  the  Aire  at  Iladdletey,  Yorkshire,  Plates  76—^3. 

over  the  Lea  Cut,  London  and  Blac^wall  Railway,  Plates  84 — 86. 

over  the  Seine  at  Melon  (Perronet's  design  for  the),  Plate  89. 

(cast  iron  swing),  at  Plymouth,  Plates  92 — 94. 

(Gerranl's  Hostel),  at  Cambridge,  Plates  95—97. 

at  Friliourg,  on  the  principle  of  vrire  suspension.  Plates  98^100,  and  100*. 

^—  (chain),  upon  the  catenarian  principle.  Plates  104 — 107. 

of  Darlaston,  StafTonlshire,  Plates  108—110. 

(Bascule),  for  ^Vellcsley  Lock  Works,  PUtes  111  and  112. 

of  Ouse  Valley  Viaduet,  London  and  Brighton  RaUiray,  Plates  1 13, 1 13«— 116. 

(swivel),  Wellesley  Lock  Works,  PUtes  117  and  118. 

on  the  Xewry  Canal,  PUtes  119  and  120. 

of  wire  at  Geneva,  Plate  121. 

over  the  Connecticut  River,  Plate  122. 

American  timber,  across  Mohawk  River,  east  of  Rome,  coat  ni  constnictiou 


of.  Supplement,  vol.  ii.  ziii. 

Eric  Canal,  near  Canastota,  ib, 

Oneida  Creek,  near  Oneida  Castle,  i*. 

Mohawk  River,'  at  Rome,  ib. 

Erie  Canal,  at  Rome,  ib. 

Butternut  Creek,  ib. 

Limestone  Creek,  ib. 

Chittenango  Creek,  ib. 

Canaseraga  Creek,  ib. 

Canastota  Creek,  ib. 

Coweslon  Creek,  id. 

Oriskany  Creek,  ib. 

Sanquois  Creek,  ib. 

I^ke  Brook,  ib. 

Canaseraga  Raceway,  ib. 

Oneida  Valley,  ib. 

Alexander's  Brook,  ib. 

Brandy  Brook,  ib. 

Stony  Brook,  ib. 

Mud  Creek,  ib. 

Spring  Brook,  ib. 

Onondaga  Creek,  ib. 


—  (llutche&on)  over  the  Clyde  at  Glasgow,  some  account  of,  by  L.  HiU,  Esq., 
vol.  1.  97—105;  Plates  27—33. 

—  over  the  Liffey  at  Duhlin,  Hughes,  9. 
to  )h'  built  in  a  neck  of  land  formed  by  a  bend  of  the  river,  plan  of,  Hughes, 


r>.  0 ;  in  a  new  channel,  diagram,  with  description,  43,  44. 

at  Balloch  Ferrv-,  constructed  on  Mr.  Dredgers  principle,  large  engraving. 

rUto  87;  niatheniatical  principles  of,  vol.  i.  Supplement,  i — xlii;  contract  for 
the  erection  of,  xliii — xlviii ;  specification  of  the  materials,  xlix — Ixiv. 

—  ^or  con^^ructed  platform\  etymologv  of  the  uoni,  Hosking,  1 — 1. 
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Bridge  over  the  Seine,  (known  as  the  Pont  da  Champ  de  Mars,  and  fonnerly  as  the 

Pont  de  J^na,)  possesses  a  very  striking  contrast  to  the  Pdnt  de  U  Concorde, 

Hosking,  34,  35. 
at  Staines,  by  the  late  Mr.  Rennie,  striking  architectural  effect  of,  Hosking, 

35. 

over  the  Dora  at  Turin,  with  diagram,  Hosking,  42,  186. 

of  the  Most  Holy  Trinity,  over  the  Amo,  at  Florence,  Hosking,  43,  137, 156, 

180,  181. 

at  NeuUly,  Hosking,  44,  48,  100. 

at  Orleans,  Hosking,  48. 

at  Nemours,  ib, 

at  Tongueland,  t*. 

that  formerly  stood  over  the  Adda  at  Trezzo,  Milan,  Hosking,  48,  49,  and 

Plate  71. 
— —  of  timber,  over  the  Rhine  at  Schaffhausen,  Hosking,  92,  93. 

over  the  Delaware  at  Trenton,  Hosking,  93,  113. 

of  cast  iron  between  Madeley  and  Broseley  in  Shropshire,  1775,  by  Mr. 

Pritchard,  Hosking,  100. 

,  Monk,  over  the  Aire  at  Leeds,  sketch  of,  Hosking,  102. 

of  masonry  or  of  brick-work,  involving  piers  in  a  water-way,  apparent  con- 
tradictions to  be  reconciled  in  the  design  of,  Hosking,  113. 

over  the  Herault  at  Gignac,  near  Montpellier,  sketch  of,  Hosking,  114. 

of  eleven  unequal  arches  over  the  Loire  at  Blots,  by  Gabriel,  Hosking,  133. 

of  three  arches  of  105  and  138  (French)  feet  span,  built  over  the  Allier  at 

Moulins,  upon  the  design  of  Hardoin  Mansard,  Hosking,  134. 

of  the  Champ  de  Mars  at  Paris,  Hosking,  146,  147,  184. 

carrjing  the   Great  Western  Railway  over  the  Tliames   at   Maidenliead, 

Hosking,  157. 
over  the  Serpentine  Water  in  Hyde  Park,  Kensington  Gardens,  Hosking, 

176,177. 
,  100  feet  span,  over  the  Mohawk  River,  U.  S.,  vol.  ii.  Supplement,  xi, 


xl,  xli. 

—  Hroomielaw,  Glasgow,  built  by  Bishop  Rac,  in  1345.  vol.  i.  97 


Bridges,  Theory'  of,  by  Mr.  Hann,  1—80. 

,  Translated  Papers  on,  Gauthcy,  1 — 88. 

,  Theoretical  and  Practical  Papers  on,  by  the  Rev.  H.  Moseley,  1 — 72. 

,  Series  of  Papers  on  the  Foundations  of,  by  T.  Hughes,  C.E.,  1 — 96. 

,  their  architectural  design,  beauty,  and  forms  of,  discussed  in  reference  to 

the  constructions  of  Rcnnic,  Perronet,  Telford,  and  other  eminent  men ;  with 

illustrative  diagrams,  Hosking,  1 — 248. 

on  the  Croydon  Railway,  Plates  40 — 42. 

on  the  Utica  and  S)Tacuse  Railroad,  Plates  61,  62,  63,  63",  64,  64",  65,  66, 


67,  67«,  68,  69,  70,  70",  70^  70',  70'',  70%  70/,  70^'. 

—  position  of,  Gauthey,  6 ;  discharge  of  the  water  from,  7 ;  quantity  of  water 
to  which  they  should  afford  a  free  passage,  9 ;  form  of  arches  of,  30 ;  breadth 
of,  35. 

—  (timber)  on  the  Utica  and  Syranisc  Railroad,  estimate  of  cost  of  construc- 


tion of,  vol.  II.  Supplement,  xiii. 
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Bridgfs,  the  principal  ptrts  of,  expoied  to  the  injarioQi  effects  of 

by  the  expansion  and  contraction  of  iron,  when  used  m  large  ribs,  braces*  and 
beams,  which  may  be  coonteracted  in  a  great  degree  by  jndicioas  airaBgeBcati 
in  framing  and  combining  the  parts  of  an  erectkNi,  Hoaking,  11. 

,  more  recent  practice  has  shown  that  the  use  of  a  flat  srgmmtal  arch  is  not 
inconsistent  with  a  much  nearer  approach  to  exceUence  than  Pentmel  and  his 
contemporaries  attained,  Hosking,  54. 

,  by  Perronet,  at  St.  Maixenoe,  over  the  Seine,  Hosking,  32 ;  on  the  Loing  at 


Nemours,  over  the  Oignon  at  Pesmes;  the  Fouchards  on  the  Tbonet,  near 
Sauniur;    d'Homps  upon  the   Aude   in   Languedoc;    of  St.  Diez   upon  the 
Meurthe ;  Pont  de  la  Concorde,  and  Pont  de  Neuilly,  Hosking,  32 — 36. 
— ,  a  Practical  Treatise  on,  by  William  Hosking,  Architect  and  CE.,  81. 
— ,  the  practice  of,  or  the  application  of  the  art  of  forming  oonstmcted  erec- 
tions, involves  certain  important  considerations,  Hosking,  81. 
— ,  whose  main  constituent  is  iron,  built  to  a  great  extent  in  England,  beeaase 


in  tliis  country  iron  is  comparatively  cheap,  and  the  mechanical  means  required 

for  its  fashioning  and  fixing  are  easy  of  attainment,  Hosking,  88,  89. 

— ,  whatever  may  be  their  main  constituent,  and  in  what  manner  socfcr  they 


may  be  formed  or  constructed,  should  bear  upon  masonry  substmctioas  if 
permanence  be  desired ;  and  in  the  absence  of  stone,  brick-work  at  least  shoold 
be  used  for  piers  or  abutments,  Hosking,  89. 

— ,  American  latticed,  in  effect  a  system  of  longitudinal  bearing  beama  or  brest- 
summers,  the  beams  having  the  depth  necessary  to  long  bearings  given  them  in 
such  manner  as  to  relieve  the  pieces  of  which  they  are  composed  of  transverse 
strain,  whilst  the  bearing  of  the  artificial  beams  is  vertical,  and  without  ex- 
traneous thrust,  Hosking,  91. 
—  on  the  line  of  the   Newcastle,  North  Shields,  and  Tynemoath  Railway, 


Hosking,  92,  94,  and  Plates  11—15. 

—  of  Roman  construction,  exhibit  great  massiveness  in  the  piers,  Hosking,  135. 

—  of  the  middle  ages,  Hosking,  136. 

—  across  the  Oneida  Creek  and  Valley,  vol.  ii.  Supplement,  xi,  xzviii,  xxx. 

—  (trestle)  over  the  Onondaga  Creek  and  Valley,  vol.  ii.  Supplement,  xiv,  xlviL 


Brighton  Chain  Pier,  Plates  89—91. 

Brunei  (Mr.),  has  lately  built  a  bridge  to  carry  the  Great  Western  Railway  over  the 

Avon  at  Bristol,  Hosking,  115,  note. 
Brunei's  (Mr.)  cx|)erimcnta]  arch,  Moseley,  31. 
Bruyere :  Etudes  relatweg  a  Vart  des  conatrtictiofUt  Gauthey,  81. 
Building  stones  and  quarries,  the  most  important,  Hughes,  85,  86. 
■  ill  water,  as  practised  by  the  ancients,  Hughes,  8. 

under  water,  process  of,  Hughes,  19,  20. 

Bull's  (William)  contribution  of  the  drawing  for  Plate  10. 
Buttcrlcy  Iron  Works,  Plates  72—83,  95-97. 
Buttress,  Moseley,  7,  8. 
Buttresses,  Gauthey,  19,  22,  80. 

Caissons,  Hughes,  3,  4,  12,  20,  22;  Mr.  Walker  used  them  succesafidly  in  the  con- 
stnieting  of  Vauxhall  Bridge,  22 ;  Mr.  Telford  never  employed  them,  ib, ;  the 
best  account  of.  found  in  the  Encyclopsedia  Metropolitana,  ib. 
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CargUl  (Mr.)»  Hosking,  216,  217. 

Cassoon,  Hosking,  128,  129,  200 — 203;  commonly  written  caitson,  after  the 
French;  derived  from  the  Italian  word  cauot  a  case  or  chest,  with  the 
augmentative  onet — cofsone,  a  large  case  or  coffer;  as  saloon  from  sola,  a 
hall, — Mohne,  a  great  hall ;  palla,  a  haHli—pallone,  a  great  ball,  Anglice, — a 
balloon,  200,  note. 

Cast  iron  bearing  bridge  constructions  must  be  considered  as  partaking  more  of  the 
beam  than  of  the  arch,  though  much  valuable  assistance  may  be  derived  with 
iron,  as  vfith  timber,  from  the  power  of  appl}ing  the  material  in  the  arched 
form,  Hosking,  98,  99. 

Catenary  curve  solved  in  1691,  Hann,  2. 

Cement,  Hann,  52 ;  Moseley,  31,  33,  61. 

Cements  (quick  setting),  cannot  be  used  in  works  of  hevm  masonry  with  propriety, 
because  of  the  time  that  must  elapse  in  and  between  the  spreading  of  the 
mortar,  Hosking,  21. 

Centering,  Hosking,  212— 2U ;  Perronet's,  214,  215 ;  Smeaton's,  215. 

"  Independently,"  says  Perronet,  "  of  the  choice  of  materials,  of  the 

exactitude  of  the  arrangement,  and  of  the  care  vnth  which  the  stones  should  be 
vnrought  and  set,  the  success  of  great  arches  depends  essentially  upon  the 
centering  employed,  and  upon  the  means  used  of  setting  and  striking  it. 
For  want  of  giving  sufficient  attention  to  this,  it  has  often  happened  that 
the  forms  of  the  arches  have  been  deranged,  and  some  arches  have  actually 
faUen:"  Hosking,  217. 

of  the  great  Chester  Bridge,  by  Mr.  Trubshaw,  Hosking,  215,  and  diagram, 


216 ;  of  Mr.  Telford's  Gloucester  Over-bridge,  by  Mr.  Cargill,  and  diagram,  216. 

Chaley  (M.),  French  engineer  and  contractor,  Hosking,  113;  his  works,  Plates  98 
to  100". 

Chapter-houses  of  many  of  our  cathedrals  furnish  striking  examples  of  the  com- 
parative great  extent  of  stone  vaulting  that  may  be  safely  imposed  upon  tlie 
same  stone  in  well-built  piers,  Hosking,  143,  144. 

Chazey  and  Roanne  Bridges,  causes  of  the  destruction  of,  Gauthey,  27. 

Chester  Bridge,  diagram  of,  Hosking,  44 ;  with  an  arch  of  the  Trinity  at  Florence, 
45. 

Chezy  (M.  dc),  Gauthey,  37. 

Clapeyron  (E.),  Hann,  35,  43,  48 ;  Moseley,  23. 

Clay  puddle,  Hughes,  21,  25,  46,  50,  51,  84, 85. 

Clegg  (Samuel,  junr.),  C.E.,  his  kind  contribution  of  the  drawings  for  Plates  111, 
112,  117,  118. 

Clifton  Suspension  Bridge,  erecting  over  the  Avon,  near  Bristol,  Hosking,  113. 

Clyde  River,  vol.  i.  97. 

Coffer-dams,  Hughes,  8,  9,  11, 12,  15,  16,  20 — 23,  25,  26;  construction  of,  imder 
the  superintendence  of  Mr.  Walker,  22 ;  general  directions  for  the  construction 
of,  46,  55,  84 ;  diagrams  of,  47,  48 ;  vol.  i.  103. 

,  Hosking,  119,  120,  202,  204. 

Cohesion,  Hann,  25—28,  32. 

Concrete,  Hughes,  9,  23,  29,  30,  63,  64 ;  efficacy  of,  on  marshy  ground,  instancing 
Croydon  Railway  Viaduct,  Fishmongers'  Hall,  London  Bridge,  and  the  Peni- 
tentiary prison,  Mill  Bank,  Hughes,  64,  65,  66,  68 — 71,  73,  74 — 76;  general 

VOL.  II.  p 
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specifications  for,  76 ;  difference  of  opnion  among  architecU  mod  cngineen 
as  to  the  depth  of,  for  foundations,  Hnghes,  77,  82,  83. 

Concrete,  Hosking,  170,  171,  204. 

Construction  of  bridges,  Gauthey,  6 ;  of  arches,  30. 

Contractors  for  building  bridges,  responsibilities  of,  Hughes,  90 ;  placed  at  the  merer 
of  engineers,  92 — 94. 

Contracts  for  building  bridges,  Hughes,  87;  general  clauses  in,  88,  89;  penalties 
imposed  in,  89 ;  alterations  or  variations  from,  91,  92. 

Coulomb's  (M.)  principles  of  the  arch,  Hann,  4,  9,  14,  16,  21,  34,  35,  41,  43,  47— 
49,51,52. 

Coulomb,  Gauthey,  88;  Moseley,  23,  24,  26,  27. 

Couplet  on  the  thrusts  of  the  arch,  Hann,  4. 

Cramps  and  bed-joggles  ought  to  be  unnecessary  in  brick  piers,  Hocking,  207. 

Cramer's  correction  of  James  Bernoulli's  catenary  curve,  Hann,  3. 

Cresswell  on  the  Arch,  Ilann,  21. 

Croydon  Railway  Viaduct,  founded  in  marshy  ground,  stands  remarkably  well, 
concrete  being  used,  Hughes,  64. 

Culverts,  Hosking,  116,  197;  Supplement,  vol.  ii.  Ixix,  IxxiiL 

Currents  (on  the  degree  of  velocity  necessary  to)  to  support  and  convey  different 
matters,  Gauthey,  37. 

Cur\*c,  Moseley,  19,  72. 

Cur\cs,  Hann,  3,  5,  9,  12—14,  19,  20,  23,  72 ;  Gauthey,  41,  42,  45,  46,  49-^54,  S8, 
73,  8|;  Hosking,  169,  &c. 

Cutwater,  *  a  term  which  applies  very  well  to  the  projections  upon  the  ends  of  pien 
in  tidal  streams,  as  both  ends  are  in  turn  opposed  to  the  current  and  act  as 
cu/waters ;  but  where  there  is  only  the  down-stream  current,  it  is  the  up-stream 
end  of  the  pier  alone  that  can  present  a  cu/water,  though  truly  the  same,  or 
nearly  the  same,  form  is  required  at  the  down-stream  end  to  bring  the  divided 
water  together  without  forming  dangerous  eddies.  The  French,  most  of  whose 
bridges  feel  the  stream  but  one  way,  term  the  up-stream  side  of  a  bridge  the 
c6te  d'amonff  or  the  side  upon  which  the  water  mounts,  and  the  down-stream 
side  the  c6f^  d^aral,  or  that  on  which  the  water  in  meeting  forms  a  valley  or 
depression.  The  French  have,  too,  distinctive  terms  for  the  extensions  of  the 
piers,  to  which  we,  with  our  tidal  rivers,  apply  indifferently  the  term  cut- 
water. The  true  cutwater  is  called  the  avant-bec^  the  beak  or  prow  before, 
and  the  down-stream  projection  the  arriere-beCf  the  beak  or  prow  behind:" 
Hosking,  189,  note;  189—193,207. 

Cycloid,  Hann,  19,  20. 

Dalgleish  (Robert,  Esq.),  Hughes,  100, 102. 

Dance  (Mr.),  the  architect  of  the  gaol  of  Newgate,  and  at  the  time  surveyor  of  the 

City  of  London,  proposed  to  make  the  space  between  London  and  Dlacklnars' 

Bridges  available  for  shipping,  Hosking,  69 — 72,  74,  76,  79. 
Danicll's  (Professor)  chemical  analysis  of  stone,  Hughes,  87. 
Danisy's  experiments,  Hann,  34. 
Darlaston  Bridge,  Hosking,  185,  and  Plate  108. 
Dodd  (Mr.  Ralph),  the  reputed  projector  of  Waterloo  Bridge,  Hosking,  66;  his 

design  for  London  Bridge,  67 — 70,  74. 
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Dome  of  tbe  church  of  St.  Isaac  at  Petersburgh,  Hann,  71. 

,  properties  of  the,  Moseley,  22,  23. 

Domes,  arches  of,  Hann,  4,  5. 

Dowel-joggle,  Hosking,  208,  209. 

Drainage  of  bridges,  Hosking,  197 — 199. 

Dredge  (James),  of  Bath,  his  kind  contribution  of  the  drawing  for  Plate  87. 

Dredge's  Suspension  Bridge,  mathematical  principles  of,  vol.  i.  Supplement,  i — ^xlii ; 

elevation  and  plan  of,  xxxviiir 
Dredging,  Hughes,  18,  44,  49. 

Dubuat  on  the  motion  of  fluids,  Gauthey,  11—14,  20,  25,  38,  39. 
Durance,  at  Bonpa^,  (bridge  over  the,)  Gauthey,  28 — 30,  37. 

Eden  Bridge  at  Carlisle,  Hosking,  185,  186,  and  Plates  51,  52,  and  52". 

Edwards  (William),  Hosking,  49. 

Emerson,  Mosclcy,  17. 

Encaissernenfs,  Hughes,  8,  9,  23,  39. 

Encyclopedia  Mctropolitana,  notice  of  an  article  in,  on  foundations  of  bridges, 
Hughes,  3. 

Equations  (series  of),  denoting  the  state  of  equilibrium  on  Mr.  Dredge's  principle, 
vol.  I.  Supplement,  xxxiv — xxxvii. 

,  Moseley,  68—72. 

Errington  (Mr.),  at  the  expense  of  building  Hexham  Bridge,  Hosking,  122. 

Estimate  of  timber  for  a  single  track  bridge  of  40  feet  span,  vol.  ii.  Supplement, 
xxi ;  of  30  feet  span,  xxiii ;  for  a  double  track  bridge  of  80  feet  span,  xxiv ;  of 
88  feet  span,  xxvii ;  for  one  trestle  frame,  forming  part  of  an  abutment  for  a 
bridge  of  82  feet  span,  over  the  Oneida  Creek,  xxxiii ;  for  a  double  track  bridge 
of  84  feet  span,  xxxviii;  for  a  double  track  bridge  of  100  feet  span,  xlv;  of 
cost  of  one  span,  inclusive  of  foundations  for  bent,  lii. 

Eytelwein's  experiments,  Gauthey,  16,  17. 

Fishmongers*  Hall,  stands  remarkably  well  from  being  constructed  with  concrete  in 

marshy  ground,  Hughes,  64. 
Flat-vaulted  arches,  described  with  three  and  more  arcs  of  a  circle,  Gauthey,  42, 

43,  49. 
Floods,  dangerous  effects  of,  on  arches,  Gauthey,  15,  27,  37.  * 

Fluids,  velocity  of,  Gauthey,  11—16,  20,  21,  26,  28,  37,  39. 
Force,  momentum  of,  with   reference  to  the  thickness  of  piers  and   abutments, 

Gauthey,  86. 
Forces,  movement  of,  Hann,  24 — 27,  34. 

(according  to  Coulomb),  Moseley,  25 ;  in  general,  33,  38,  39,  42,  68. 
Foundation  of  a  pier  at  Aberdeen,  by  Mr.  Gibb,  with  diagram,  Hughes,  14. 

stone  of  llutchcson  Bridge,  vol.  i.  102,  103. 

for  timber  bridges,  vol.  ii.  Supplement,  xxii,  xxiv,  xxvi,  xxix,  xxxi,  xxxv, 

xli,  xlvii,  lii,  Ixx. 
Foundations,  Gauthey,  19. 

,  irregular  sinking  of,  becomes  a  permanent  disruption,  Mosclcy,  32. 

of  Bridges  (series  of  Papers  on  the),  Hughes,  1 — 96. 

of  bridges  under  water,  compared  with  older  and  ruder  contrivances. 
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IlHghM,  3,  6—8;  inoJem,  1*— 16.  18.  19.  21,  23.  24.  26,  29.  30,3 
.IK.  .19,  «1.  *2.  56— i9,  60.  62,  63—65,  Ce.  70,  ;6— BO,  83.  8S. 

FouiiiUtioni  of  highland  ronil  briilgn,  HiigbFi,  36.  37.  t 

: .  aoiuv  Prencb  enpnwrs  practiie  a  ajsWm  of  rendtring  tJie  ftoond^ 

built  upon  uaiforlDly  mlid,  by  mcani  of  pounding  with   ■  harj   md 
Hughes,  6S.  1 

.wcDktiMt  Ihertaf  it  Hnhuu  Bridge,  Hoaking.  123.  129-.  t**Hl 

of  trtlAcUl,  20a. 

Fr»  rtoDti  incomiH'eMLblv,  Gaulliey,  55. 

I^ctinn,  llutn.  IS.  22.  23, 16—28,  .12.  .16,  69. 

Fron^LTi,  brid^  of.  Gauthey,  SI,  note. 

Gabriel,  Ihr  author  of  the  bridge  at  Bloii,  Hoiking,  136.  I 

Caridel(M.),Huiti.3a,4a.49,51;  bis  llieorj  of  the  equihbrinmof  Ihckrch.Garf 

48,  40  I  his  Talilet,  8B :  hii  valuable  resemhet.  Maselet.  23.  1 

'  Gauthcy,  tniulatioiis  from,  1—88;  on  the  Ibcor?  of  La  Hire,   Haan,  !;  4j 

I  analytia  of  Coulomb,  MMelRy.  }G,  21.  1 

ri  Gauthicr,  his  Treatise  on  Bridges,  CauihcT,  53 ;  eajly  in  (he  last  rentiuy  propM 

^m  the  principle  llikt  should  det«niiiiie  the  cspacity  of  bridge  piers,  llrakii^.^ 

r  ^^H  wid,  in  1716.  "that  the  jaeti  of  bridges  iiipport  only  half  the  muonryll 

!  H^B  two  aichea  ai  their  sidca,"  141.  ^ 

B  H  Oibh  (Mr.),  tus  hold  attempt  In  aonstniMing  the  pier  at  Aberdeen,  llagbei,  13^! 

'I  Gibbs's  (Jos.,  C.E..) bridge  over  the  Croydon  Railway.  lloiUng,  163;  hUhaaai 

\  eontribdlions  of  the  dnwlngs  for  Pistes  40,  41, 42.  ' 

fl  Gill  (B.  H.),  C.B..  of  the  United  States,  his  kind  contribution  of  the  dnwi^ 

I  Plain  34,  35. 

I  Glooeester  Brid^,  cause  of  ftactUM  ia  one  of  the  wing  walls  of.  llugbo,  79.      < 

f  Olynn  (Jo*.).  C.E.  and  P.R.S..  bii  handsome  eontribniion  of  the  drawings  for  M 

■2— HS.  95— •!". 
Godwin  tMr,}.  on  coiicrdc-,  lliiglios  7. 
Golhic  farms  of  arrhea.  Gantbey,  33. 
Gradient  of  Holbom   Hill,  ilatijiri   fut  the   rise   lo  aiid   upon    bridges.  Ilosl 

6.1,  61. 
Gravel  for  conrrete,  Hughes,  76. 

Greens'  (Messrs.),  of  Xcncaillc-on-Tj-ne.  timljer  bridges  in  the  line  of  the  Nenca 
ji  North  Shields,  and  Tjnemonlh  Bailivoy,  Hoiking.  32;  Ihcir  iiandwnie  co\ 

bution  of  the  drawings  for  Platea  1 1^)5. 
Creenwieh  Railwsy  Viaduct  founded  on  eoncrclr;  objeclioua  urged  against  the 

of  eonerete  in  uianliy  grounds  I'ohsidered  and  answered,  lliiglies.  64. 
Gregory's  (David)  identity  of  (be  entenoij'  enr>'e  >u  10!i7,  tlauTi,  3. 
Gregory  (Dr.  Olinthus)  stales  that  "  tlicon-tiral  and  prartieal  men  will  mo!i  el 
IQally  promote  their  mutnal  iDleresls.  not  by  aifccting  to  despise  each  ol 
but  by  hk'niling  their  elTiirts."  llnnn.  2:  on  ncightii.  9;  his  edition  of  Hull 
Course  on  ilio  .\rch.  21. 

his  Mathcnialics  for  Ira  t     1  M         f   cnee  to.  for  describing  arcs  i 

circle,  Ganlhcy.  49. 
Grosvennr  Bridge  Dicr  the  Dee    t  CI     I       Ho  k    g  4:1,  44.  ■>II  ;  arches  of.  44.  ■ 
Gwynn's  Urirlge  over  the  Sever    a   il         I   n    H  skiiij.  32. 
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Hann  (James),  author  of  the  Theory  of  Bridges,  1 — 80. 

Harbour  (old)  of  Inverness,  Hughes,  15. 

Harrison's  design  of  Chester  Bridge,  Hosking,  44. 

Harrison  (Thos.  E.),  C.E.,  of  South  Shields,  his  contribution  of  the  drawing  for 
Plate  43. 

Hartley  (Jesse),  C.E.,  Surveyor  of  the  Liverpool  Docks,  his  engineering  superin- 
tendence of  the  Grosvenor  Bridge  at  Chester,  Supplement,  vol.  ii.  iii — x. 

Hartley  (Mr.),  junr.,  C.E.,  of  Liverpool,  his  kind  contribution  of  the  cleverly  drawn 
Specification  and  Contract  for  the  Grosvenor  Bridge  at  Chester,  vol.  ii.  Supple- 
ment, iii — X. 

Henry  (Mr.  David),  Hughes,  12. 

Hexham  Bridge,  Hosking,  120,  121 ;  Mr.  Smeaton's  report  on  the  failure  of,  122 — 
124  ;  remarks  upon,  125 — 130. 

Highland  roads  and  bridges,  Hughes,  36,  37. 

Hill  (L.),  Esq.,  LL.B.,  his  account  of  Hutcheson  Bridge  over  the  Clyde  at  Glasgow, 
vol.  I.  97. 

Hughes  (T.),  C.E.,  on  Foundations  of  Bridges,  Hughes,  1 — 96. 

Hughes  (Mr.  John),  father  of  the  above-named  engineer,  Hughes,  70. 

Hughes  (Samuel),  C.E.,  his  drawings  for  Plates  36 — 38,  44 — 47. 

Hupeau  (M.),  Perronet's  immediate  predecessor  as  chief  engineer  of  bridges  and 
highways,  left  at  his  death  an  unfinished  bridge  of  three  arches  over  an  arm  of 
the  Seine  at  Mantes,  in  the  road  from  Paris  to  Rouen,  to  be  completed  imdcr 
the  direction  of  his  successor,  Hosking,  138 ;  his  great  work  over  the  Loire  at 
Orleans,  139  ;  sunken  pier  of,  159. 

Hutcheson  Bridge,  Glasgow,  account  of,  vol.  i.  97;  so  called  from  two  brothers, 
George  and  Thomas  Hutcheson,  who  died  in  1640-41,  98. 

,  the  former  one,  consisting  of  five  arches,  proposed  to  be  built 

by  Mr.  Robertson,  at  a  cost  of  £  6000,  vol.  i.  99 ;  specification  of  the  work 
defective,  and  consequent  destruction  of  the  whole  fabric,  Nov.  18,  1795,  ib. 

,  the  present,  designed  by  Robert  Stevenson,  Esq.,  and  contracted 


for  by  Mr.  John  Steedman,  stands  unrivalled  as  a  piece  of  masonry,  and  in  an 
engineering  point  of  view  may  be  regarded  as  remarkable,  vol.  i.  101 ;  consists 
of  five  arches,  which  are  segments  of  a  circle  whose  radius  is  65  feet,  ib. ;  the 
contract  price  and  extra  works  of,  amounted  to  upwards  of  £  23,000,  105. 
,  Specification  of,  April,  1828,  vol.  r.  106;  extent,  summer  water 


level,  coffer  dams,  107;  pile-work  of  foundations,  110;  wale-pieces  and  up- 
filling  between  the  piles,  111;  sill-pieces  and  platforms,  112;  abutments  and 
piers,  113;  masonry,  114;  horizontal  arches  of  abutments,  115;  wing  walls 
and  dressing  stones,  116;  centre  frames,  118;  arches,  119;  retaining  walls, 
120;  columns  and  pilasters,  121;  spandrtl  walls,  122;  tie-walls,  frieze,  123; 
cornice,  covering  pavement,  124;  parapet  walls,  125;  lamp  irons,  foot-paths, 
126 ;  drains,  127  ;  road-way,  and  description  of  masonry,  128  ;  mortar,  quarries, 
129 ;  progress  of  the  works,  work-yard,  131 ;  general  obligations  on  the  part  of 
contractor,  132;  on  the  part  of  the  trustees,  133;  concluding  clause,  135; 
schedule  of  prices,  137. 
,  Hosking,  185;  and  Plates  27—33. 


Hutcheson  Hospital,  Glasgow,  vol.  i.  100. 

Ilutton's  (Dr.)  principles  of  bridges,  Hann,  5, 10;  Moseley,  17. 
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Huygen8»  in  1691 ,  solved  the  problem  of  the  catenary  cuire,  Hann,  2. 

Jessop  0^^)f  C.E.,  hii  opinion  respecting  London  Bridge,  Hosldng,  78. 

Jessop  (W.),  C.Em  of  the  Butterley  Iron  Works,  principal  of  that  great  eatabUih- 
ment ;  his  contribution  of  drawings  for  Plates  72 — 83,  95—97. 

Invert  lued  by  Mr.  Rennie,  Hosking,  187. 

Inverted  arch^  Hosking,  117 ;  elevation  of  a  bay,  with  invert  groined  out  to  a  straight 
line,  diagram  of,  118;  half  plan  of,  groined  out  to  a  straight  and  level  line, 
flanked  liy  a  fender-sill,  diagram,  t^. ;  remarks  on,  119. 

Iron,  as  the  main  constituent  of  a  bridge,  possesses  many  valuable  qualities,  Hosking, 
1 1 ;  is  used  in  the  form  of  wire,  which  is  made  into  cables  of  the  sizes  sod 
strength,  and  of  the  whole  length  required,  and  it  is  wrought  into  links,  bsi», 
plates,  bolts,  and  couplings,  of  various  forms  and  arrangements,  and  these,  or 
some  of  them,  are  put  together,  to  form  chains  of  the  length  required,  whilst 
the  requisite  strength  is  generally  obtained  by  multiplying  chains  in  the  bearing. 
106. 

Isherwootl  (B.  F.),  C.E.,  of  the  United  States,  his  liberal  contribution  of  the  Prsc- 
tical  Description  of  the  Timber  Bridges,  &c  on  the  Utica  and  Sjracuse  Riil- 
road.  Supplement,  vol.  ii.  xi — Ixxiv,  and  drawings  for  Plates  61 — 70«'. 

Joneses  (Inigo)  bridge  in  North  Wales,  Hosking,  48. 

Lal)elye,  Hughes,  3 ;  Hosking,  48. 

Labelye  and  Mylne,  had  they  built  their  works  vrith  granite,  they  could  not  have 
been  executed  with  the  funds  at  their  disposal  respectively ;  but  vrith  granite, 
and  the  means  of  applying  it,  they  would  possibly,  or  they  ought  to,  have 
occupied  less  of  the  water-way  with  obstructions,  Hosking,  27. 

La  Grange  (M.),  Moseley,  15. 

La  Hire  (M.),  his  aiialjlical  researches  founded  on  hypotheses  which  every  day's 
experience  contradicts,  Hann,  2;  in  1695,  in  his  Treatise  on  Mechanics,  laid 
down  from  the  theory  of  the  wedge,  the  proportion  according  to  which  the 
absolute  weight  of  the  materials  of  masonry  ought  to  be  increased  from  the 
key-stone  to  the  springing  in  a  semicircular  arch,  3;  his  theory  of  arches, 
33—35 ;  on  the  stability  of,  61,  62,  64;  Gauthey,  74. 

Laidlaw  (Mr.),  Hughes,  104. 

Lame  (M.  G.),  Hann,  35,  43,  48,  71 ;  Moseley,  23. 

Lary  Bridge,  at  Plymouth,  dangerous  state  of  the  foundations  of,  remedied  by  Mr. 
Rennie,  Hughes,  42. 

Latrobe  (B.  H.),  C.E.,  of  the  United  States,  his  kind  contribution  of  the  drawings 
for  Plates  16, 17,  and  18. 

Leather  (Mr.),  of  Leeds,  credit  due  to  him  for  carrying  out  the  idea  of  trussing 
bearing  beams  by  means  of  raised  ribs,  and  applying  the  principle  of  suspension 
in  cunncxion  with  it  in  metal,  Hosking,  101 ;  diagram  of  his  bridge  at  Leeds, 
102 ;  his  recently  erected  bridge  at  Stanley  Ferry,  112. 

Lecreulx  (M.)>  bis  experiments  on  the  construction  of  the  bridge  of  Frouart, 
Gauthey,  81. 

Lee  (0.  H.),  of  the  U.  S.,  Supplement,  vol.  ii.  xi,  note. 

Leibnitz,  in  1691,  solved  the  problem  of  the  catenary  curve,  Hann,  2;  on  adheuon, 
25. 
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Lewis,  an  instrument  for  lowering  stones  throagh  water,  Hughes,  18,  19 ;  diagram 

of,  as  used,  18. 
Lime,  Hughes,  68,  69,  71 — 75;  various  methods  of  slaking  lime  are  practised,  and 

some  engineers,  particularly  in  Scotland,  invariably  require  that  the  mortar 

shall  be  kept  for  some  time  after  being  mixed  before  it  is  allowed  to  be  used 

in  the  work,  75. 
Limes  of  Dorking,  Merstham,  Reigate,  and  Hailing,  Hughes,  66,  71. 
Limes  (water)  procured  at  several  places  in  the  range  of  the  Sussex  South  Downs, 

as  at  Poynings,  Clayton,  &c.,  Hughes,  67. 
,  the  principal  varieties  of  strata  from  which  they  are  burnt  in  tliis  country, 

Hughes,  65 — 67. 
(chalk)  will  usually  take  three  times  their  bulk  of  moist  sand,  while  the  lias 


lime  will  not  make  good  mortar  if  more  than  twice  its  bulk  of  sand  be  used, 
Hughes,  71. 

Limestone,  the  kind  of,  from  which  concrete  is  made,  very  importantly  affects  its 
quality,  Hughes,  65-— 68,  76,  77. 

— ^—  (water),  quarries  of,  at  Arden  in  Renfrewshire,  and  Aberthaw  in  Wales, 
vol.  II.  104. 

Limestones :  carboniferous  or  mountain  limestones,  abounding  so  extensively  in  the 
neighbourhood  of  the  coal  and  iron  districts  of  Great  Britain,  bum  into  very 
strong  and  excellent  lime,  Hughes,  67. 

London  Bridge  (New),  Hann,  22,  note. 

shows  that  neither  obstruction  nor  inconvenience  is  necessary  with 

even  a  bridge  of  masonry  as  shown  (by  the  New  London  Bridge),  which 
contrasts  advantageously  not  alone  with  its  predecessor,  but  with  all  the 
other  stone  bridges  upon  the  river:  the  infrequency  of  the  piers,  and  their 
moderate  bulk,  together  with  the  expanse  and  elevation  of  the  arches,  pre- 
8er\'ing  the  head-way  almost  unabated  over  a  great  part  of  the  whole  width 
of  the  water-way,  show  in  these,  as  in  other  respects,  an  example  of  the 
highest  degree  of  perfection  in  the  practice  of  bridge  building,  Ilosking,  26. 
(See  an  elaborately  engraved  Plate,  in  large  size,  of  this  bridge,  sold  by  Mr. 
Weale  for  one  guinea.) 

(Old) ;  the  widening  of  the  central  opening,  by  the  removal  of  the 


chapel-pier  and  starling  which  stood  between  the  arches  included  in  the  new 
arch-way,  affords  a  striking  practical  warning  of  the  danger  to  a  bridge  itself, 
and  of  the  injury  that  may  be  done  to  a  river,  by  partial  interference  with  a 
continuous  obstruction,  Hosking,  56 ;  general  remarks  on,  176,  177,  179,  &c. 
,  iron  bars  were  let  into  the  back  ends  or  tails  of  the  arch-stones. 


and  run  with  lead  as  cramps  or  transverse  ties  in  several  courses,  and  they 
do  not  appear  to  have  produced  any  injurious  effect,  though  it  may  be 
questioned  how  far  they  are  of  any  use.  They  ought  not  to  be  of  any  use, 
Hosking,  208,  note. 

(Old) ;  remarks  on  the  transactions  and  propositions  with  reference 


to  this  bridge,  and  the  communications  over  and  upon  the  Thames,  haNing 
relation  to  both  water-way  under  and  road-way  over  it,  within  a  great  com- 
mercial city,  &c.,  Hosking,  53 — 80. 

(Old),  longitudinal  sections  of  the  river  under  the  central  arch  of 


in  1763,  and  section  of  the  same  in  1767,  Plate  19. 
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l^uUoii  and  other  Dockt,  lloikiaf.  61. 
lamit  \VI.  (briilge  (4,  at  Paris  .  Oactbey,  31. 

Marfarlaii,  the  Very  Rer.,  Priadpal  of  Hatchcaoo  College,  GlaifOfr,  Supptemai. 

vol.  I.  100. 
Mahaii,  Vrtfft'nnor,  of  the  U.  S.,  intimatea  that  the  inlluenoe  of  heat  iqna  stone  pro- 

iliii*e»  the  effects  of  eipantion  and  contractioo,  HoaluDgt  13. 
Muiiiciihcail  RailHay  Kridge,  Hoiking,  47,  176,  179—181. 

MkIU  it  (K.;,  C.E.,  of  Dublin,  his  kind  contribution  of  the  drawinga  for  Platea  119. 120. 
MaiiMird,  lloskiiig,  137. 
Mariottf*.  Ilann,  25. 
Martyr  (Mr.  Joseph),  Hosking,  164. 

MaMHiry  in  the  foundations  of  bridges,  Haghes,  8 — 11,  13,  16,  28,  36. 
MateriaU  (the),  and  the  design  of  a  bridge,  are,  of  necessity,  moat  intimately 

connected,  and  Ixith  must  l>e  greatly  influenced  by  the  means  at  the  disposal 

of  the  arrhitect  and  by  the  duty  to  \)e  performed,  Hoaking,  88. 
Mathcniatiral  theory  of  the  equilibrium  of  a  structure,  Moaeley,  41. 
illuhtration  of  the  principle  upon  which  the  tapering  of  Mr.  Dredge's 

ciiains  dr|H!nds,  Supplement,  vol.  i.  xxxiv,  xxxv. 
Melun  (sister  bridges  of),  Hosktng,  38. 
MrmoircB  des  Savants  Etrangcrs,  Moseley,  23,  24. 
Mcnai  SuRi>cnsion  Bridge,  Hosking,  113. 

Monryprnny  ((leo.),  the  late,  his  kind  contribution  of  the  drawing  for  Plnte  26. 
MoM'ley  (ProfcHBor),  Hann,  16,  21,  33,  48,  49;  his  equations  determining  the  width 

of  tt  pitT  of  a  given  height,  53. 
Moheley's  Illustrations  of  Mechanics,  reference  to,  Moseley,  47;  papers  on  the  arch, 

in  the  Cambridge  Philosophical  Transactions,  60 ;  Appendix  to  his  Theory  of 

the  Arch,  GK;  his  drawings  for  Plates  101,  102, 103. 
Mortar  UKcd  in  arches,  (lauthey,  68,  tenacity  of,  76;  Hughes,  10,  69,  71 — 73,  75, 

HI,  104 ;  Hosking,  170,  171,  174,  178,  179,  195,  207,  209,  210. 
Mylne  (^Mr.)«  Hughes,  3,  22;  Hosking,  27,  46,  47;  his  report  on  the  state  of  the 

Hiver  Thnnics  and  its  bed,  and  on  the  structure  of  London  Bridge,  55,  note ; 

\m  phui  for  a  new  I^ondon  Bridge,  63,  64,  66,  69,  74. 
M\hie'H  lUtu'kfriars'  Bridge,  Hosking,  163,  with  diagram;  Mr.  Simpson's  opinion 

of.  IHO. 
Ue|M)rt  on  the  failure  of  Hexham  Bridge,  125. 

Na\i(T  {M.)  on  the  Theory  of  the  Arch,  Hann,  35,  48;  his  researches  on  the 

otinditiou!!  of  the  (Hiuilibrium  of  a  semi-arch,  Moseley,  23,  24. 
NouioiirN,  Mtn'ss  on  striking  the  centres  of  the  bridge  of,  Gauthey,  68. 
Nouillx.  plan  of  the  arches  of  the  bridge  of,  Gauthey,  45,  53,  55 ;  arch-atones  of, 

4  -t     I  O. 

NirholMMi  yMr.  \V.  A.>.  an^hitivt.  of  Lincoln,  Hoaking,  195. 

Ninuuo  and  Tolfoni's  Tables  of  Verities  of  Hivers,  Gauthey,  38. 

NinnuoN  praotiiV  in  the  Wellesley  Bridge  at  Limerick,  Hoalung,  161 ;  his  works. 

Plates  «'» I  and  5o. 
Noble  vJAme!i\  arehitoct.  hi>  kind  contribution  of  the  drawings  for  Plates  89 — 91, 

ami  \:\.* 
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Nogent  Bridge,  arch-stones  and  spandrels  of,  Gauthey,  73,  74,  76 ;  Moseley,  19. 
North  Walsham  Dilham  Canal,  Norfolk,  Hughes,  30 ;  description  of  foundations  of, 
31,  32. 

Palladio  on  the  span  or  chord  of  the  arch,  Gauthey,  52. 

Parent  (M.)  on  the  Theory  of  the  Arch,  Hann,  4. 

Pasley  (Mijor-General)  on  calcareous  mortars  and  cements,  Hughes,  7 ;  the  qualities 
of  numerous  limestones  appear  to  have  been  well  considered  by,  66,  70. 

Pavia,  bridges  of,  Gauthey,  33. 

Penitentiary,  Mill  Bank,  stands  remarkably  well  from  being  constructed  with  con- 
crete in  marshy  ground,  Hughes,  64,  65,  70. 

Pcrronet,  his  work  on  bridges,  Gauthey,  53,  70 ;  on  setting  and  striking  the  centres 
of  arches,  71 ;  Moseley,  19 ;  his  flat  arches,  without  the  inner  ellip^te,  as  in  the 
Bridge  of  St.  Maixence,  and  in  his  bridge  over  the  Seine  at  Paris,  hardly 
possess  that  degree  of  elegance  which  must  be  considered  essential  in  works  of 
pretence,  Hosking,  32,  33 ;  designed  a  bridge  of  one  flat-arch  of  150  French,  or 
160  English,  feet  in  span;  see  PUte  88,  and  Hosking,  37,  39,  42 — 44,  46,  48, 
100,  159. 

on  the  bridge  at  Blois :  "  I  think  that  it  may  be  prudent,  in  designing 

bridges  for  rivers  of  great  width,  to  introduce  some  strong  piers,  which,  in  case 
of  need,  may  serve  as  abutments,  placing  them  at  distances  of  three  or  four 
arches  apart :"  Hosking,  133 ;  his  remarks  on  Mansard's  bridge  at  Moulins,  137  ; 
he  does  not  acknowledge  any  obligation  to  Gauthier,  141 ;  his  estimate  of  the 
capabilities  of  stone  to  support  weight,  142,  143;  stands  almost  alone  in  the 
practice  which  he  adopted  of  reducing  the  piers  of  stone  bridges  even  to  the 
limited  and  cautious  extent,  in  proportion,  to  which  he  carried  it  in  the  bridge 
of  Neuilly,  149,  150 ;  his  bridge  at  St.  Maixence,  167 ;  his  operation  of  striking 
the  centres  of  the  bridge  at  Neuilly,  by  the  removal  of  the  immediate  support 
of  the  arches,  was  commenced  eighteen  days  after  the  key-stones  had  been 
put  in  their  places,  170,  note;  his  bridges  at  Neuilly,  at  St.  Maixence,  and  at 
Paris  (Louis  the  Sixteenth's),  and  the  one  designed  for  Melun,  and  that  of 
Saillancourt,  near  Meulau,  on  the  Seine,  181,  182. 

Perronet  and  Telford's  complex  arches  at  Neuilly  and  Gloucester,  Hosking,  183. 

Persy  (M.),  Hann,  48. 

Petit  (M.)  on  the  theory  of  the  arch,  Hann,  35,  48 ;  his  formuls,  53 — 55,  57,  62, 
65,  71. 

Pier  (the  term),  used  in  a  general  sense,  means  the  whole  of  the  masonry  below 
the  springing  of  the  arches ;  but  as  used  in  the  text  at  the  point  noted,  the 
smallest  part,  or  what  in  a  pedestal  would  be  distinguished  as  the  die  or  dado, 
is  intended,  Hosking,  135,  note. 

Piers,  problem  to  And  the  greatest  height  of,  of  a  given  width,  which  will  support  a 
straight  arch  of  given  dimensions,  by  Professor  Moseley,  Hann,  33 ;  remarks 
on,  33—35,  40,  53—55,  58,  68,  70 ;  Tables  of  the  thickness  of,  75—79. 

,  Gauthey,  20,  32,  52,  76,  77,  80. 

,  Moseley,  7,  8,  20,  21,  28,  31,  41 — 47;  rule  to  determine  by  construction 

whether  a  pier  built  up  of  single  stones,  without  cement,  will  stand  under  the 
pressure  to  which  it  is  subjected,  to  whatever  height  it  may  be  built,  47 ;  rule 
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to  determine  hj  constnictioii  the  greatest  height  to  which  a  pier  can  be  built  to 
as  to  sustain  given  insistent  pressures,  48, 49. 

Piers,  Hughes,  2,  4,  7—11,  13—16,  18—21,  25,  26,  28—30,  46,  59 ;  partial  piling 
of,  60,  61 ;  piers  of  a  large  aqueduct,  eleven  in  number,  with  two  abutments, 
had  all  been  founded  on  grayel,  a  few  feet  below  the  snrfiioe,  and  stood  re- 
markably well,  the  masonry  appearing  withoot  a  flaw  when  they  were  carried 
up  to  their  full  height  of  about  50  feet :  one  of  the  pieia  al  the  aonth  end, 
however,  was  founded  part  on  the  gravel  and  the  other  on  very  hard  vrhinstnnf 
rock,  the  surface  of  which  was  merely  levelled  and  the  building  at  onee 
commenced.  When  carried  up  to  about  thirty  feet,  a  fbnnidable  fiaaure  was 
observed  from  top  to  bottom  of  this  pier,  and  the  only  poaaible  aonree  to 
which  the  mischief  could  be  traced  was  the  step  of  founding  the  pier  partly 
on  the  rock  and  partly  on  the  gravel :  had  the  whole  pier  been  fooaded  on  the 
rock,  it  would  of  course  have  stood  without  any  settlement:  bad  the  whole 
been  on  the  gravel,  it  would  perhaps  have  settled  to  a  trifling  extent  Placed, 
however,  partly  on  the  rock,  which  was  perfectly  solid,  and  partly  on  iht  gravd, 
which  slightly  yielded  beneath  the  great  pressure  upon  it,  the  eonseq[aeBoe  fid- 
lowed  as  described,  60,  61 ;  general  remarks  on,  81 — 83,  102. 

,  Hosking,  38,  43,  44,  46,  52,  53,  58,  67,  70,  75,  83,  86,  89,  94,  95,  97.  113— 

115,  119—122,  124—132,  134—142;  the  gauge  for  the  thktoeaa  of  in 
bridges,  142—149. 

"  If  the  piers  of  Westminster  and  Blackfriars'  Bridges  had  been  one^ei^ith 

or  ODe-ninth  the  span  of  the  arches  resting  upon  them,  instead  of  one-lboxth 
and  one-fifth  of  that  proportion,  as  they  are  respectively,  it  is  not  improbable 
that  both  these  bridges  would  have  failed,"  Hosking,  131,  note. 

"  of  bridges  ought  to  be  considered,*'  says  Perronet,  "  either  as  peifaming  the 

duty  of  abutments,  or  as  relieved  of  that  duty  by  the  connteraction  of  the  col- 
lateral arches,  through  which  the  thrust  is  carried  from  abutment  to  abntment 
of  the  bridge : "  Hosking,  134,  135. 

of  London  and  Waterloo  bridges,  Hosking,  149,   150 ;  of  NeniHy  bridge, 

150, 151  ;  Smeaton's  favourite  mode  of  lightening  the  weight  on,  by  a  thorough 
perforation  or  cylindrical  culvert,  159 ;  general  remarks  on,  159, 160,  162, 163, 
167. 179, 180, 188—191, 193,  200—203, 207, 212—215;  diagrams  of;  203, 205. 

Pile-driving  machine.  Supplement,  voL  ii.  Ivi,  with  Plate. 

Piles,  Gauthey,  19,  20,  22,  32,  33. 

,  Hughes,  7,  8,  11,  16,  diagrams  of,  17;  21,  25—27;  Mr.  Telford  frequently 

specified  Scotch  fir,  27,  29 — 32 ;  practice  of  specifying  for  the  length  of,  32 ; 
general  observations  on,  33,  36,  39,  45 — 50,  52,  53 — 56 ;  precautions  on  the 
mode  of  driving,  &c.,  56,  58,  60—62,  63,  80,  103,  104. 

,  Hosking,  58,  89,  90,  94—98,  116,  120,  146,  147,  158,  200,  202,  215,  217. 

,  Supplement,  vol.  ii.  xx,  xlviii,  Ivi. 

Plate  bandc,  Hann,  28,  29,  30,  32,  70 ;  Gauthey,  82 ;  Moseley,  8. 

Polygon  (equilibrated),  Hann,  S — 9. 

Poncelet  (M.),  Hann,  48. 

Pont  Neuf  Bridge,  at  Paris,  Gauthey,  36. 

Pont  de  la  Conconle,  at  Paris,  Hosking,  33,  &c. 

Pont-y-pryd,  over  the  Taaf,  in  South  Wales,  Hosking,  49. 
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Preliminiry  Essay,  Hosking,  1 — 80. 

Pressure  borne  by  arch-stones  in  the  crown  of  an  arch,  and  horizontal  pressure 
against  the  key-stone,  Gauthey,  55,  56,  60 ;  to  which  the  stone-work  of  arches 
is  exposed,  60 — 62,  64,  66 — 69. 

on  stones,  Moseley,  2 — 4,  6, 10, 15 — 21,  29,  30,  41,  42,  45,  46 ;  rule  to 

determine  by  construction  the  direction  and  amount  of  the  resultant  pressure 
upon  any  point  of  a  pier,  46 — 50,  52 ;  equations,  51 — 58,  68,  70 — 72. 

Principles  (on  the)  that  ought  to  regulate  the  construction  of  bridges,  and  deter- 
mine the  dimensions  of  their  several  parts,  Gauthey,  1. 

Pritchard  (Mr.  T.  F.),  to  whom  Mr.  Telford  has  conceded  the  credit  of  introducing 
iron  as  the  main  constituent  of  a  bridge,  Hosking,  99,  100;  his  design  of  the 
bridge  oyer  Coalbrook  Dale,  100. 

Prony  (M.  de),  Gauthey,  12 — 14,  16 ;  on  the  motion  of  water  in  tubes,  16, 17. 

Puddle  backing,  Hughes,  84,  85. 

Putney  Bridge,  the  lumbering  masses  which  support  it  obstruct  the  narigation, 
Hosking,  25. 

Putney  and  Battersea  Bridges  support  narrow  and  inconvenient  road-ways  over  the 
dammed-up  river,  Hosking,  26. 

Railway  superstructure  (the  plan  of)  on  the  Utica  and  Syracuse  Railroad,  Supple- 
ment, vol.  II.  xi — Ixxiv. 

Rastrick's  (C.E.,)  works.  Plates  36—38,  44—47,  113,  113-,  114—116. 

Regemorte's  (M.  de)  bridge  over  the  Allier  at  Moulins,  Hosking,  134. 

Rendel's  (Mr.)  iron  bridge  over  the  Lary,  Hosking,  78 ;  construction  of  road-way  of 
the  Montrose  Chain  Suspension  Bridge,  almost  wholly  of  timber,  giving  to 
it  a  great  degree  of  stiffness  by  a  judicious  combination  of  framing  and  bracing 
within  the  floor  itself,  and  independently  of  the  rods  and  chains  by  and  from 
which  it  is  suspended,  107. 

Rcnnie  (the  late  Mr.),  his  inverted  arches  in  the  building  the  Albion  Mills,  Hughes, 
29;  reference  to  him  with  respect  to  Lary  Bridge,  Plymouth,  42;  and  to 
Hutcheson  Bridge,  voL  ii.  100;  Hosking,  13;  his  practice  preferred  to  that  of 
M.  Lamande,  147;  his  bridge  at  Darlaston,  158;  difference  in  his  practice  at 
Waterloo  and  London  Bridges,  162,  164;  comparison  of  his  great  works  o?er 
the  Thames,  183 ;  has  left  an  excellent  example  in  Staines  Bridge  of  the  best 
mode  of  combining  the  cutwater  with  the  pier,  192;  his  works,  Plates  92 — 94, 
108—110. 

(Mr.  George,  C.E.,  F.R.S.),  his  valuable  paper,  in  the  Philosophical  Transac- 
tions for  1829,  on  the  arches  of  New  London  Bridge,  Hann,  22 ;  his  remarks  on 
the  heading  joints  of  the  coping  course  of  the  parapet  over  the  haunches  of 
every  arch  of  Waterloo  Bridge,  Hosking,  13 ;  his  kind  contribution  of  the 
drawing  for  Plate  53. 

Report  of  the  commissioners  appointed  to  investigate  the  best  kind  of  stone  to  be 
used  for  the  New  Houses  of  Parliament,  Hughes,  86,  87. 

Reports  on  the  improvements  of  the  port  of  London,  Hosking,  53,  60 — 62,  65, 
66,  73. 

Rickraan  (Mr.),  executor  to  Telford,  Hosking,  75. 

Ritson  (James),  C.E.,  his  drawings  made  under  the  direction  of  Mr.  Robert  Stevenson, 
Plates  6—9,  31—33,  59,  60. 
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Riven:  nttore,  formAtion,  and  velodtj,  Gauthey,  17, 18,  20,  21,  30,  37,  39. 
Rhodes  (Mr.  Thomas),  his  excellent  dams  constructed  at  the  St.  Katherine's  Dock, 

Hughes,  21 ;  and  at  Blackfriars'  Bridge,  22. 
Roads,  their  width,  &c.,  for  bridges,  Hosking,  193, 194 ;  inclinations  of,  on  bridges, 

198. 
Roanne  and  Chazey  Bridges  swept  away,  causes  assigned,  Gaothey,  27. 
Road-ways  of  Westminster  and  Blackfiriars'  Bridges,  with  indinaiions  of  1  in  15, 

Hosking,  64. 
Robison  (Professor),  Hann,  16 ;  his  experiments  with  chalk  models,  Moadey,  21, 22. 
Rondelet's  (M.)  experiments,  Gauthey,  56. 
Ropes,  many  trees  and  shrubs  afford  a  strong  fibrous  baik,  capable  of  being  fonned 

into,  Hosking,  104. 

St.  EdmC  (arch  of),  Gauthey,  71. 

St.  Esprit  (bridge  of),  Gauthey,  29—31. 

St.  Genevieve  Church,  disputes  on  the  dome  of,  Hann,  5. 

St.  Katheriuc's  Dock,  dams  constructed  at,  Hughes,  21. 

Sand  foundations,  Hughes,  41 ;  sand  of  the  Seine,  ib, ;  sand  bottoms,  42,  46,  51, 56, 

62,  69 — 73 ;  several  of  the  reaches  in  the  River  Thames  furnish  a  aand  which, 

although  the  grains  composing  it  be  smooth  and  rounded,  is  yet  exoeUent, 

and  much  esteemed  by  builders,  73 — 75 ;  remarks  on,  77,  78,  81,  82,  85, 103; 

Hosking,  121. 
Sands,  nature  of,  Hughes,  38—40. 
Schaffhausen  timber  bridge,  Hosking,  92,  93. 
Scott  (Mr.  B.),  C.E.,  of  Newcastle-on-Tyne,  his  kind  contribution  of  the  drawing  for 

Plates  5,  48—50. 
Segmental  arches,  or  arches  being  segments  of  circles  less  than  semicircles,  exercise 

a  much  severer  thrust  than  arches  of  elliptical  form  of  the  same  span  and  rise, 

Hosking,  157. 
Seniple  (Mr.  Peter),  Hughes,  9 ;  his  flooring  of  masonr}',  flanked  with  sheet-piling, 

in  the  Essex  and  Onuond  Bridges  at  Dublin,  Hosking,  117 ;  diagram  of,  118. 
Serlio  on  the  span  or  chord  of  the  arch,  Gauthey,  52. 
Silurian  rocks,  in  which  are  numerous  beds  of  limestone,  Hughes,  66,  68. 
Simpson's  (Mr.  Thomas)  opinion  of  Mylne's  design  for  Blackfiriars'  Bridge,  Hosking, 

179,  180,  note. 
Smcaton's  Reports,  Hughes,  53,  54 ;  he  advised  the  Corporation  of  London  to  stop 

up  some  of  the  smaller  openings  of  Old  London  Bridge,  Hosking,  55,  56, 

58—60. 
bridge  over  the  Tyne,  at  Hexham,  Hosking,  30 — 32, 120—122 ;  its  failure 

fnim  weakness  of  stratum,  123 — 127,  128;  longitudinal  section  of,  diagram. 

126 ;  reference  to  his  designs  of  London  Bridge  and  Eddystone  Lighthouse,  128 ; 

estimate  for  his  bridge  over  the  Tay,  at  Perth,  140;  his  bridges  stand  for  the 

most  (uirt  u(>on  piers  taking  up  about  one-fifth  the  space  occupied  by  a  pier  and 

by  tA\o  half  arches,  or  one-fourth  the  span  of  an  arch,  t^. 
Sniirko  \^Sir  Rol)ert),  Hosking,  185;   his  kind  contribution  of  the  drawings  for 

Platos  51—52'. 
Soumot,  an^hitect  of  St.  Genevieve  Church,  Hann,  5 ;  his  experiments,  Hosking,  142. 
Southern  vMr.\  Hosking.  76. 
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Soathwark  Bridge,  with  its  two  well-formed  piers  of  neatly  executed  masonry,  is 
hardly  felt  upon  the  river,  whilst  the  multitude  of  awry-looking,  angular  piers 
of  Vauzhall  Bridge,  standing  across  a  hend  of  the  riyer,  are  with  difficulty 
ayoided  by  the  heavy  craft,  which  depend  almost  entirely  upon  the  current  for 
motion,  Hosking,  26. 

Specification  of  the  quantities  of  material  used  m  the  suspension  bridge  at  Balloch 
Ferry,  Dumbartonshire,  Supplement,  vol.  i.  xlix. 

and  contract  for  the  Grosvenor  Bridge,  over  the  Dee  at  Chester,  drawn 

out  by  Mr.  Hartley,  jun.,  C.E.,  of  Liverpool,  Supplement,  vol.  ii.  iii ;  for  a  bridge 
constructed  on  the  Utica  and  Syracuse  Railroad  across  the  Oneida  Creek  and 
Valley,  xxx ;  for  a  bridge  of  100  feet  span,  over  the  Mohawk  River,  xli ;  for  a 
trestle  bridge  over  the  Onondaga  Creek,  xlvii. 

Staines  Bridge,  Hosking,  146—150,  184, 185,  192 ;  PUte  53. 

Starlings,  Hughes,  56,  58,  59. 

Steedman  (Mr.  John),  vol.  i.  101. 

Stephenson  (George),  portrait  of,  firontispiece  to  vol.  i. 

Stephenson  (Robert),  C.  E.,  his  works.  Plates  84 — 86. 

Stevenson  (Robert),  C.E.,  vol.  i.  98,  99,  101,  106,  137;  Hosking,  112;  his  plan  of  a 
suspension  bridge,  ib, ;  his  handsome  contribution  of  drawings  for  Plates  6 — 9, 
25,  27—33,  59,  60,  104—107 ;  portrait  of,  frontispiece  to  voL  ii. 

(T.),  C.  E.,  his  drawing,  under  the  direction  of  Mr.  Robert  Stevenson,  C.  E., 

for  PUte  25. 

Stirling  Bridge,  Hoskhig,  186,  and  Plates  59  and  60. 

Stone  is  pre-eminently  the  bridge  builder's  material,  Hosking,  12 ;  no  material  so 
fitted  for  bridge  building,  13. 

Stones,  general  conditions  of  the  equilibriimi  of  a  structure  of  uncemented,  Moseley, 
1 ;  comparison  of  this  theory  with  that  of  Coulomb,  24  ;  of  the  equilibrium  of  a 
structure  of  cemented,  28 ;  of  a  structure  of  courses  of,  or  of  concrete,  or  of 
brick-work,  33. 

— : at  Ardrossan,  of  large  superficial  dimensions,  Hughes,  id. 

Stratifications,  changes  of,  in  foundations,  Hughes,  57,  62. 

Stuart  (Major  C.  B.),  of  the  United  States,  Supplement,  vol.  ii.  xi,  note. 

Supplement  to  vol.  i..  Mathematical  Principles  of  Dredge's  Suspension  Bridge ; 
Contract  for  the  erection  of  his  bridge  at  Balloch  Ferry;  and  Specification  of 
material  used. 

to  vol.  II.,  containing  Specifications  of  the  Grosvenor  Chester  Bridge; 

Practical  Description  of  the  Timber  Bridges  on  the  Utica  and  Syracuse  Railroad, 
by  B.  F.  Isherwood,  C.  E. ;  with  Descriptions  of  the  Plates. 

Suspension  bridge,  upon  Mr.  Dredge's  principle,  at  Balloch  Ferry,  Loch  Lomond, 
and  contract  for  erecting,  Supplement,  vol.  i.  xliii. 

« at  Hammersmith  (of  all  the  bridges  in  and  near  London)  inter- 
feres least  Tvith  the  navigation  of  the  river,  Hosking,  25. 

Suspension,  principles  of,  Hosking,  104 — 113. 

Swinburn  (William),  C.E.,  Westminster  Bridge  Oflice,  his  handsome  contribution  of 
drawings  for  Plates  20 — 24. 

Telford  and  Nimmo's  Table  of  Velocities  of  Rivers,  Gauthey,  38. 

Telford  on  the  construction  of  sea  piers,  Hughes,  12 — 16,  21 — 27 ;  in  his  practice 
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M  M  esgbieer  was  exceedingly  eutioQi,  and  nefcr  aDofved  aar  bat  I 
rv|«menced  and  confideotial  aaiatantt  to  have  any  thisf  to  do  villi 
UMU, — men  whose  general  habits  had  before  passed  oniwitifwi,  and 
rfeksracters  had  never  been  inquired  into,  did  not  CMape  his  obaowtaoB.  33: 
was  well  connnoed  how  dangerous  it  was  even  to  reccnre  a  report  of  the 
•trata  from  men  of  careless  habits  or  inefficient  knowledge,  33,  34 ;  his  tabokr 
|irt>poaitions  for  bridges  for  all  arehes  from  4  to  50  feet  span,  37 ;  in  framiag 
his  rules  for  the  strength  of  bridges  deserves  more  credit  than  any  enciBCcr 
who  preceded  him,  because  he  always  acted  on  the  princqde  of  eonstnictiBg 
substantial  works  with  a  due  regard  to  cost,  38 ;  his  generaity,  79, 80. 

T^»Ubrd  and  Douglas's  project  of  an  inm-€ramed  bridge  in  one  span  td  600  feet, 
IlosUng,  63,  72,  74—77. 

Telford,  Mb  stone  bridge  over  the  river  Dee  at  Tonguelaad,  near  Kirkcadbrif^t, 
llosking,  31 ;  over  the  Severn,  32 ;  availed  himself  of  Pernmet's  darign  for 
tlie  bridges  at  Melun  as  a  study  for  his  bridge  over  the  main  arm  of  the  Seven 
at  Gloucester,  39 — 41 ;  diagram  of  his  Gloucester  Over-bridge,  39;  his  most 
pretending  works  are  spoilt  by  an  affectation  of  architectural  disposition  and 
adonimeiitM,  whilst  Rcnnie's  coupled  columns  to  Waterloo  Bridge  are  only  not 
(|uit<!  so  abHiird  as  Mylne's  to  Blackfriars',  or  Peoonet's  oolnmns  of  Plestan 
pn>iN)rtioii8  iu  the  Pont  do  la  Concorde,  at  Paris,  46;  his  opinions,  93, 99, 100; 
f^uinposcd  his  first  iron  bridge  with  a  combination  of  the  arch-formed  rib  and 
of  Die  cambered  beam,  101 ;  did  not  hesitate  to  project  and  recommend  a 
chain  or,  rather,  jointed  rod  suspension  bridge,  over  the  Mersey  at  Raneom, 
of  1000  feet  in  length  between  the  bearing  points,  113;  his  objection  to 
making  piers  so  thin  as  to  require  considerable  spread  in  the  footings  to 
obtain  sufficient  ground  base,  148;  his  coursed  walls,  159;  and  vraDs  nmning 
longitudinally  of  the  bridge,  160 ;  his  description  of  his  bridge  at  Tongue- 
land,  ib. ;  recommended  the  lancet  pointed  arch,  161 ;  his  system  of  longi- 
tudinal spandrel  walls  shows  that  the  road-way  may  be  efficiently  carried  by 
IcHH  than  half  the  constructions  of  a  vault,  164,  165 ;  his  stone  bridges  in  com- 
pariMon  with  Perronct's,  182,  183. 

'IVniple  Bar,  the  head-way  given  by,  has  been  the  London  standard  for  head-vray 
under  bridges  over  streets  and  roads,  Hosking,  63. 

Tluuni'M,  the  bed  of,  in  many  places  furnishes  an  excellent  mixture  of  sand  and  gravel 
for  making  concrete,  Hughes,  70. 

Thorn  HuhIi  Pier,  Hughes,  20. 

Timi»er  bridge  at  Glasgow,  erected  by  Robert  Stevenson,  Esq.,  vol.  i.  98. 

— —  bridging,  Hosking,  90. 

— ^  is  the  most  liable  of  all  materials  to  destruction  from  natnral  decay,  and 
is  more  e\iH)8ed  than  »tonc,  brick,  or  iron,  to  injury  from  accident  and  from 
iniHMuUari^ui,  Hosking,  10;  injiu'ious  consequences  to,  95,  96. 

bridge*.  Plates  2—18.  20—23,  25.  34,  35,  48,  49,  50,  61— 70r,  122. 

on  the  I'tica  and  S}Tacuse  Railroad,  U;  S.,  Practical  Description  of. 


Supplement.  \o\,  ii.  xi — Ixxiv. 

of  American  construction,  Plates  2 — 1,  16^18,  34,  35,  61 — 70, 


70<-  70<.  and  122. 
Vol  (house  St  Hutoheson  Bridge.  Glasgow,  Plate  33. 
To>\u  vlthiel\  r.  E..  of  .New  York.  Plates  2 — 1. 
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Townshend's  (R.),  C.  E.,  under  Mr.  Walker,  it  Woolwich,  kind  contribution  of  the 

drawing  for  Plate  58. 
Transactions  (vol.  i.)  of  the  Institution  of  Ciyil  Engineers,  Hosking,  78,  211. 
Trubshmw  (James),  Hosking,  215,  216. 

Underwood  (J.),  C.E.,  his  drawings  for  Plates  113,  113«,  114—116. 
Utica  and  Syracuse  Railroad,  Supplement,  voL  ii.  xi — Ixxiv. 

Vauxhall  Bridge,  Hosking,  26. 

Velocity  of  water,  Gauthey,  19 — 21,  23,  29 ;  and  supply  of,  at  Mirabeau  and  Bonpas, 
29,  30 ;  of  small  rivers  near  Paris,  37,  of  the  Seine,  ib,,  of  the  Danube,  id,, 
of  the  Loire,  ib.,  of  the  Rh6ne  at  Aries  and  at  Beaucaire,  ib,,  of  the  Thames  at 
high  and  low  water,  ib.,  of  the  Tiber  at  Rome,  ib.,  of  the  Maragnon,  38,  of  a 
torrent  in  America,  ib. 

Venturoli  on  the  arch,  Hann,  21. 

Viaduct  of  several  arches,  error  in  the  construction  of,  explained,  Hughes,  82. 

Voussoirs,  Hann,  4,  5,  10,  22,  23,  27,  34,  36,  38,  40,  43,  48,  57 ;  Gauthey,  32,  71, 
78—80,  88 ;  Moseley,  9,  14,  15,  17—19,  22,  24,  26,  27,  35,  41,  59,  61,  63. 

Walings  in  pile  constructions,  Hughes,  53,  54. 

Walker  (James),  President  of  the  Institution  of  Civil  Engineers,  Hughes,  22 ;  his 
superintendence  of  the  dams  at  Blackiriars'  Bridge  and  at  the  site  of  the  New 
Houses  of  Parliament,  ib. 

and  Burgess  (Messrs.),  their  repairs  at  Westminster  Bridge,  Hosking,  204. 

Walls  which  are  required  to  withstand  the  pressure  of  earth,  the  importance  of  firm 
solid  backing  to,  Hughes,  83 — 85. 

Waterloo  Bridge,  the  level  line  of  road-way  upon,  and  the  noble  effect  of  the  level 
line  and  equal  arches  in  the  elevation,  were  purchased  at  a  very  high  price 
in  the  cost  of  the  approaches  which  permitted  them  to  be  attained,  Hosking, 
27 ;  water-way  under,  28 ;  abutments  of,  29 ;  masonry  of,  50. 

Water,  the  discharge  of,  from  bridges,  Gauthey,  7 ;  manner  of  calculating  the  quan- 
tity to  which  a  bridge  should  afford  a  free  passage,  9 ;  necessary  to  multiply  the 
surface  of  the  section  by  the  mean  velocity  of  the  current,  ib. ;  the  manner  of 
fixing  the  outlet,  or  discharge  for,  with  reference  to  the  mass  of,  in  the  river, 
17—19. 

Wellesley  Bridge,  Limerick,  Hosking,  145,  161,  162,  and  Plates  54,  55. 

Westgate  Bridge  at  Gloucester,  Hosking,  185,  186. 

Westminster  Bridge,  Hughes,  3 ;  Hosking,  48,  64  ;  the  substance  of  a  pier  of,  below 
low-water  level,  is  one-fifth  of  the  space  occupied  by  the  pier  itself,  139;  its 
arches,  186;  if  it  had  been  executed  as  it  is  shown  in  Plate  21,  it  would 
probably  have  been  carried  away,  201 ;  piers  of,  now  repairing,  ib. 

Wheatstone's  (Professor)  chemical  analysis  of  stone,  Hughes,  87. 

Whewell's  (Professor)  Mechanics,  Hann,  9;  Moseley,  17. 

Whistler's  (Major),  C.  £.,  of  the  United  States,  his  kind  contribution  of  the  drawing 
for  Plate  122. 

Wilson  (Mr.),  architect,  reference  to,  in  respect  to  Old  Hutcheson  Bridge,  vol.  ii. 
inn 
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WilKMi  (Mr.).  "rehlMct  of  Wurnuiutli  Bridge.  Lii  design  for  Lonijan  Bridge,  « 

tlirce  unnqusi  njiMiingi  or  tinh-vajt,  llosking,  74. 
Wing  wall  of  GlouccHer  Oridgv,  Hughes,  79 ;  wing  wiUi  of  bridgci,  84,  8&| 

niuJ  ud  railwij'  bridgct,  flA. 
Wing  w»ll*.  Ilmking.  lis,  liS. 
Wing  «nd  parapet  «r^li,  Supplement,  rol.  ti.  Lxiii. 
Wire  auipeniinn  bridge  oT«r  tbt  v«lley  of  the  Sjuine  »1  Friboorg.  in  Switiertia^ 

U.  Chaley.  Hoiking.  11.1.  and  PlMei  9S— HH),  100*. 
Wlle  for  *u*|,eiinoa.  Hmking,  109. 
WouUiauH  (Mr.).  Hum.  B. 
Wfcn'i  (Sir  C.)  project  for  •Itering  ind  improriog  Undon  Bridge.  IloikiDg.  65,  i 

Yoilijg  (Dr.  Thoi.),  Hinn.  20.  "  ~ 
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